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Introduction 

The  overall  purpose  of  the  proposed  studies  was  to  further  understand  the  molecular  mechanisms 
that  govern  prostate  carcinoma  invasion  and  metastasis.  These  studies  were  based  on 
preliminary  data  in  which  we  had  demonstrated  that  addition  of  specific  soluble  factors  termed 
a-chemokines  could  stimulate  the  motility  and  invasion  of  metastatic  prostate  cancer  cell  lines  in 
vitro.  These  soluble  mediators  have  been  implicated  in  the  invasion  and  metastasis  of  different 
tumor  types,  and  they  have  been  implicated  in  promoting  inflammation  and/or  tumor 
neovascularization.  Our  evidence  provided  in  the  initial  application  also  implicated  these  factors 
as  autocrine  mediators  of  tumor  behavior.  In  the  first  set  of  studies,  we  had  proposed  to  further 
define  the  mechanism  of  action  of  a-chemokines  on  prostate  tumor  invasion.  We  have  since 
detennined  that  a-chemokine  treatment  of  prostate  tumors  can  modulate  integrin-mediated 
adhesion  to  the  glycoprotein  laminin.  Modulation  of  integrin  function  was  biphasic,  in  the  sense 
that  a-chemokine  treatment  stimulated  an  initial  increase  in  laminin-mediated  adhesion,  which 
then  subsided  back  to  baseline.  These  changes  occur  in  the  absence  of  a  change  in  integrin 
expression  levels.  The  data  suggest  that  a-chemokines  could  stimulate  motility  in  part  by 
modulating  integrin  adhesive  function,  presumably  by  stimulating  signal  transduction  pathways 
that  lead  to  changes  in  integrin  avidity. 

We  also  used  RT-PCR  to  determine  the  nature  of  the  chemokine  receptors  that  are  expressed  on 
metastatic  PC3-M  human  prostate  carcinomas.  The  results  demonstrated  that  both  CXCR-1  and 
CXCR-2  receptors  are  expressed  by  these  cells,  indicating  that  both  receptors  may  be  important 
in  mediating  prostate  tumor  motility  and  invasion.  These  results  were  published  in  the  journal 
The  Prostate  in  October  of  1999  [1].  One  complicating  factor  in  this  model  system  is  that  the 
PC3-M  cells  express  high  levels  of  endogenous  chemokine.  Although  this  suggests  that  IL-8 
related  chemokines  may  serve  as  autocrine  factors  in  prostate  tumor  invasion,  it  did  create 
certain  technical  challenges  associated  with  chronic  activation  of  this  receptor/ligand  pathway  in 
vitro.  A  copy  of  the  article  describing  these  results  is  appended  to  the  annual  report. 

During  the  final  year  of  funding,  we  had  proposed  to  a.)  Use  antisense  approaches  to  inhibit 
chemokine  receptor  expression  b.)  Initiate  studies  to  define  which  rho-family  GTPases  are 
important  for  a-chemokine  mediated  tumor  cell  motility  and  invasion.  Because  of  technical 
issues  (described  below)  we  were  not  able  to  complete  some  of  the  assigned  tasks.  However,  in 
the  course  of  performing  these  studies,  we  did  publish  several  observations  documenting  the 
importance  of  a  novel  and  specific  glycosaminoglycan  dependent  adhesion  mechanism.  We  also 
related  this  mechanism  to  the  growth,  vascularization  and  bone  metastasis  of  prostate  tumor 
cells.  These  results  are  described  below  and  articles  funded  by  this  proposal  are  included  as  an 
appendix  with  the  final  report. 
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Body 


STATEMENT  OF  WORK 

Specific  Aim  #1:  To  evaluate  the  ability  of  the  a-  chemokines  EL-8  and  Gro-a  to  stimulate 
integrin  mediated  adhesion,  migration  and  invasion  of  human  prostate  carcinoma  cell  lines  with 
different  invasive  or  metastatic  potential. 

Months  1-4:  Complete  analysis  of  integrin  expression,  a-  chemokine  receptor  expression  on  prostate  cancer  cell 
line 

Completed 

Months  2-9:  Complete  analysis  of  effects  of  chemokines  on  prostate  carcinoma  cell  adhesion,  spreading,  migration 
and  invasion 

Partially  completed.  During  these  studies,  we  evaluated  the  adhesion  of  prostate  tumor  cells  to  bone 
marrow  endothelial  cells  and  these  studies  generated  a  new  line  of  investigation  that  proved  fruitful.  The  description 
of  these  studies  is  described  below  and  this  line  of  investigation  replaced  what  was  described  in  aim  2  since  those 
studies  proved  technically  challenging. 

Months  4-12:  Complete  analysis  of  chemokine  effect  on  integrin  mediated  affinity  and  avidity 
Completed 

Month  12:  Prepare  annual  progress  report 

Most  of  the  studies  in  Specific  Aim  #1  of  the  Statement  of  Work  were  completed  and 
published  in  the  journal  ‘The  Prostate’.  The  manuscript  has  been  appended  in  the  final 
report  that  describes  these  findings.  Major  conclusions/findings  of  the  manuscript  are 
included  in  the  “conclusions”  section,  below. 


Specific  Aim  #2:  To  determine  if  the  a-chemokine  induced  increase  in  integrin  mediated 
adhesion  is  brought  about  by  the  action  of  the  rho  family  of  GTPases,  we  will  use  a  gene  transfer 
approach.  This  will  be  done  by  transfecting  dominant  negative  constructs  of  rho,  rac  or  cdc-42 
GTPases  and  measuring  the  effects  of  a-chemokines  on  integrin  function  in  invasive  and 
metastatic  prostate  carcinoma  cells 

Months  13-24:  Transfection  of  selected  prostate  carcinoma  cell  lines  with  dominant  negative  constructs  of  rho,  rac 
and  cdc-42  expressing  dominant  negative  or  constitutively  active  versions  of  these  proteins. 

Not  done  for  technical  reasons  (see  below) 

Months  13-16:  Complete  characterization  of  transfectants  for  integrin  and  chemokine  receptor  expression. 

Not  done  for  technical  reasons  (see  below) 

Months  22-30:  Analyze  dominant  transfectants  for  inhibition  of  a-chemokine  enhanced  integrin  mediated  adhesion, 
ligand  binding,  motility  and  invasion 
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Not  done  for  technical  reasons  (see  below) 


Month  24:  Prepare  second  annual  report  and  submit  competitive  renewal  application 

The  studies  in  the  second  specific  aim  were  not  completed.  Because  of  the  endogenous 
expression  of  high  levels  of  IL-8  by  these  cells,  we  first  attempted  to  use  an  anti-sense 
approach  to  inhibit  endogenous  receptor  expression  to  determine  if  this  would  cause  a 
corresponding  decrease  in  the  baseline  invasion  of  these  cells.  This  was  supported  in  part  on 
our  observations  that  CXC  antibodies  inhibit  baseline  invasion  of  these  cells  (described  in 
accompanying  manuscript).  The  problem  we  encountered  was  that  we  were  not  able  to  stably 
inhibit  EL-8  expression  in  our  cells  using  anti-sense.  We  attempted  to  obtain  cells  that  had  been 
derived  by  another  laboratory  ([2]Dr.  Colin  Dinney,  MD  Andersen)  and  were  to  be  provided 
by  a  collaborator  of  ours  in  these  studies  (Dr.  Joel  Slaton).  However,  the  original  anti-sense 
cells  had  to  be  regenerated  by  that  laboratory,  in  so  doing,  they  were  unable  to  generate  vector 
control  transfectants  that  were  poorly  invasive  (Dr.  Slaton,  personal  communication).  The  high 
endogenous  levels  of  EL-8  in  our  system  made  signal  transduction  studies  very  difficult  to 
design  and  execute. 

The  focus  of  the  signal  transduction  studies  was  to  be  on  the  rho-family  GTPases  and  their 
relative  importance  in  facilitating  EL-8  mediated  adhesion,  migration  and  invasion.  The 
strategy  for  these  studies  included  a.)  Transfecting  constructs  encoding  dominant  negative 
constructs  of  GTPases  and  b.)  Using  cells  in  which  endogenous  EL-8  expression  had  been 
inhibited  for  the  purpose  of  studying  the  effect  of  exogenous  IL-8  on  activation  of  the 
GTPases.  These  cells  were  then  to  be  used  to  study  the  effect  of  IL-8/ GTPases  on  integrin 
activation.  The  lack  of  a  suitable  cell  system  in  which  IL-8  expression  had  been  stably 
inhibited  prevented  our  successful  completion  of  these  studies.  We  could  have  completed  part 
of  these  studies  by  expressing  dominant  negative  constructs  of  GTPases,  however  in  the 
absence  of  the  appropriate  cell  models,  it  would  not  have  been  possible  to  discern  the 
specificity  of  the  relationship  (if  any)  between  IL-8,  specific  GTPase  activation,  and  the 
activation  of  specific  integrals.  As  a  result  of  our  abandoning  these  studies,  a  portion  of  the 
funds  awarded  for  this  grant  have  been  returned  to  the  funding  agency  (see  final  budget  report). 

Additional  work  performed  as  part  of  the  original  work  statement  did  generate  important  new 
findings  regarding  the  adhesive  properties  of  advance  prostate  tumors  and  prostate  tumor 
growth,  vascularization  and  bone  metastasis.  Our  original  work  statement  focused  on 
understanding  the  importance  chemokine  mediated  changes  in  cell  adhesion  to  prostate  tumor 
invasion  and  metastasis.  The  original  proposal  was  based  on  our  observations  that  IL-8  could 
stimulate  adhesion/migration  of  prostate  tumor  cells  to  the  basement  membrane  protein 
laminin.  During  the  course  of  our  studies,  we  also  evaluated  other  adhesive  substrates  that 
might  be  important  for  prostate  tumor  metastasis.  As  part  of  these  studies,  we  chose  to  evaluate 
prostate  tumor  cell  adhesion  to  bone  marrow  endothelial  cells,  because  we  reasoned  that 
interaction  with  this  population  of  cells  might  be  important  for  mediating  entry  (homing?)  into 
bone,  which  is  a  preferential  site  for  metastasis  of  prostate  tumors.  Our  goal  was  to  evaluate  the 
potential  importance  of  IL-8  in  mediating  this  adhesion.  As  controls,  we  utilized  endothelial 
cells  from  other  sources  (i.e.  human  umbilical  vein  endothelial  cells). 
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Our  results  demonstrated  that  androgen  independent  prostate  tumor  cells  adhered  in  a  very 
rapid  and  highly  avid  fashion  [3].  While  we  could  not  specifically  address  the  importance  of 
EL-8  due  to  the  reasons  described  above,  we  did  succeed  in  identifying  a  novel  adhesion 
mechanism  that  may  explain  bone  specific  homing  of  prostate  tumors.  Our  studies  indicated 
that  numerous  antibodies  against  well  defined  adhesion  receptors  such  as  integrals,  selectins 
and  cadherins  had  little  or  no  effect  on  the  highly  avid  adhesion  of  prostate  tumors  to  bone 
marrow  endothelial  cells.  However,  we  did  succeed  at  inhibiting  the  adhesion  of  these  cells  by 
adding  the  enzyme  hyaluronidase  to  these  adhesion  assays.  Hyaluronidase  degrades  the 
glycosaminoglycan  hyaluronan  (HA),  which  is  a  large  negatively  charged  linear  carbohydrate 
important  for  both  normal  and  transformed  cell  adhesion,  migration  and  growth[4, 5], 
Additional  studies  demonstrated  that  a.)  Prostate  tumors,  rather  than  bone  marrow  endothelial 
cells  synthesize  and  retain  the  HA  in  a  loosely  organized  matrix  b.)  Elevated  HA  synthesis  by 
prostate  tumor  cells  correlated  to  elevated  expression  of  two  enzymes  that  synthesize  HA  (so 
called  HA  synthases  or  HAS).  In  contrast,  a  pooled  library  of  normal  prostate  contained  only 
minimal  levels  of  HA  synthases  [6].  This  is  a  novel  mechanism  by  which  prostate  tumor  cells 
might  selectively  home  to  bone,  and  so  we  pursued  this  mechanism  of  prostate  tumor  cell 
adhesion  to  further  study  its  potential  importance  in  prostate  tumor  progression/metastasis. 

We  next  manipulated  HAS  expression  in  cells  that  lack  or  express  HAS.  We  first  expressed 
HAS  in  poorly  tumorigenic/metastatic  tumor  cells  (LnCaP).  Using  these  cells  we  demonstrated 
that  HAS  expression  per  se  is  sufficient  to  stimulate  HA  synthesis  and  it  is  sufficient  to 
stimulate  LnCaP  adhesion  to  bone  marrow  endothelial  cells  (which  is  normally  very  low).  We 
also  used  an  antisense  approach  to  inhibit  HAS  expression  in  more  aggressive  PC3MLN4  cells. 
These  cells  normally  express  high  levels  of  HA  and  exhibit  high  levels  of  HA  in  culture. 
Vectors  encoding  antisense  HAS  2  or  HAS  3  (or  both)  inhibited  HA  synthesis  in  PC3MLN4 
cells,  with  the  most  significant  effect  observed  when  both  HAS  enzymes  were  both  inhibited. 
Inhibiting  HAS  expression  also  inhibited  HA  mediated  adhesion  of  these  cells  to  bone  marrow 
endothelial  cells,  suggesting  that  increased  levels  of  HAS  might  facilitate  homing  of  metastatic 
prostate  tumor  cells  to  bone. 

Finally,  we  evaluated  the  effect  of  HAS  synthesis  on  the  growth  of  tumors  in  xenograft  models 
of  human  prostate  tumors  [7],  We  injected  PC3MLN4  cells  differentially  expressing  HAS 
enzymes  into  immunocompromised  mice.  After  3  weeks,  tumors  were  measured,  harvested  and 
processed  for  determining  weight,  volume  and  histology.  The  results  demonstrate  that  inhibited 
HAS  expression  leads  to  a  highly  significant  inhibition  in  prostate  tumor  growth  and 
vascularization.  Importantly,  we  were  also  able  to  completely  reverse  the  inhibition  by 
including  HA  in  the  injection  mixture  with  the  cells.  These  results  demonstrate  that  elevated 
HA  levels  lead  to  increased  tumor  growth  and  vascularization,  and  they  also  show  that  it  is  the 
product  of  the  HAS  enzymes  (i.e.  HA)  rather  than  the  enzymes  per  se  that  are  important  for 
this  biological  effect.  These  results  are  being  further  pursued  under  separate  funding  that  has 
recently  been  obtained  from  the  DOD  (17-02-1-0102)  which  were  used  to  partially  fund  the 
final  manuscript. 
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RwMrch  Accomplishments  (accomplishments  below  the  line  represent  progress 
on  areas  not  originally  listed  in  the  work  statement  but  do  represent  studies  that 
developed  from  the  original  work  statement) 

a.  Demonstration  that  a-chemokines  can  stimulate  prostate  tumor  motility  and 
invasion  in  vitro 

b.  Identification  of  the  chemokine  receptors  CXC  R1  and  CXC  R2  expressed 
by  prostate  cancer  cells 

c.  Treatment  with  a-chemokines  can  stimulate  integrin  mediated  adhesion  in 
the  absence  of  a  change  in  integrin  surface  expression,  suggesting  that 
chemokines  change  integrin  avidity  and  prostate  tumor  motility 

d.  Anti-chemokine  receptor  antibodies  inhibit  stimulated  and  basal  tumor  cell 
motility.  This  suggests  that  endogenous  chemokine  expression  by  prostate 
tumors  can  act  as  autocrine  motility/invasion  factors.  Interfering  with 
receptor  may  represent  a  novel  therapy  for  tumor  invasion 

e.  Prostate  tumor  cells  show  selective  adhesion  to  bone  marrow  endothelial 
cells 

f.  Prostate/bone  marrow  cell  interactions  depend  on  increased  production  of 
hyaluronan  by  prostate  tumor  cells.  The  receptor  on  bone  marrow 
endothelial  cells  for  prostate  tumor  associated  hyaluronan  remains  unknown. 

g.  Increased  hyaluronan  expression  by  prostate  tumor  cells  results  from 
increased  expression  of  specific  hyaluronan  synthases 

h.  Manipulation  of  hyaluronan  synthase  expression  correlates  to  hyaluronan 
synthesis  and  adhesion  of  prostate  tumor  cells  to  bone  marrow  endothelial 
cells 

i.  Stable  inhibition  of  hyaluronan  synthesis  inhibits  the  growth  and 
vascularization  of  tumors  in  xenograft  models  of  human  prostate  tumor 
growth. 


Reportable  Outcomes 

a.  Manuscript  published  on  above  findings  directly  related  to  the  work 
statement.  Included  in  Appendix. 

Reiland,  J,  Furcht,  L.T.  and  J.B.  McCarthy.  1999.  CXC-chemokines 
stimulate  invasion  and  chemotaxis  in  prostate  carcinoma  cells  through 
the  CXCR2  receptor.  The  Prostate.  41:78-88. 

Siynifipance  A  specific  receptor  for  the  chemokine  IL-8  mediates 
prostate  carcinoma  migration  and  invasion.  Altered  response  to  this 
chemokine  may  be  an  important  factor  in  prostate  tumor  progression 
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b.  Additional  manuscripts  published  on  findings  that  developed  from 

observations  supported  by  this  proposal  that  are  not  directly  covered  by  the 
work  statement  (Included  in  Appendix). 


Simpson,  M.  A.,  et  al.,  Hyaluronan  synthase  elevation  in  metastatic  prostate 
carcinoma  cells  correlates  with  hyaluronan  surface  retention,  a  prerequisite  for 
rapid  adhesion  to  bone  marrow  endothelial  cells.  J  Biol  Chem,  2001.  276(21):  p. 
17949-57. 

Significance:  Prostate  carcinoma  cells  adhere  via  an  integrin  independent, 
hyaluronan  dependent  mechanism  to  bone  marrow  endothelial  cells.  More 
metastatic  tumor  cells,  which  show  comparatively  high  adhesion  to  bone  marrow 
endothelial  cells,  exhibit  high  levels  of  hyaluronan  and  corresponding  elevations 
in  specific  hyaluronan  synthetic  enzymes  (HAS).  This  implicates  upregulation  of 
HAS  in  prostate  tumor  cell  adhesion  and  bone  metastasis 

Simpson,  M.A.,  et  al..  Manipulation  of  hyaluronan  synthase  expression  in 
prostate  adenocarcinoma  cells  alters  pericellular  matrix  retention  and  adhesion 
to  bone  marrow  endothelial  cells.  J  Biol  Chem,  2002.  277(12):  p.  10050-7. 

Significance:  Manipulation  of  the  levels  of  hyaluronan  synthases  using  vectors 
encoding  in  either  the  sense  or  antisense  orientation  cause  corresponding  changes 
in  HA  synthesis  and  adhesion  of  prostate  tumor  cells  to  bone  marrow  endothelial 
cells.  These  results  suggest  a  cause  and  effect  relationship  between  changes  in 
HAS  levels  and  altered  adhesivity  of  prostate  tumor  cells. 

Simpson,  M.A.,  C.M.  Wilson,  and  J.B.  McCarthy,  Inhibition  of  prostate 
tumor  cell  hyaluronan  synthesis  impairs  subcutaneous  growth  and 
vascularization  in  immunocompromised  mice.  Am  J  Pathol,  2002. 

161(3):  p.  849-57. 

Significance:  Inhibiting  HAS  expression  in  metastatic,  androgen 
independent  prostate  tumor  cells  inhibits  the  growth  and  vascularization 
of  prostate  tumor  cells.  This  result  suggests  that  upregulated  HAS 
expression,  and  corresponding  elevations  in  levels  of  HA,  are  important 
for  the  growth  of  more  advanced/metastatic  prostate  tumors.  The  results 
further  suggest  that  tumor  associated  HA  may  facilitate  vascularization 
by  enhancing  the  prohferation/survival  of  endothelial  cells  in  the  tumor 
microenvironment. 


Conclusions 


The  major  conclusion  of  the  findings  encompassed  within  the  original  work  statement  is 
that  chemokines  can  stimulate  prostate  tumor  motility  and  invasion.  Autocrine 
expression  of  chemokines  by  tumors  could  serve  as  autocrine  factors  for  tumor 
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invasion.  Furthermore,  since  chemokines  are  produced  by  inflammatory  cells,  it  is  also 
possible  that  tumor  associated  inflammation  could  act  to  facilitate  tumor  invasion  by 
increasing  the  local  concentration  of  inflammatory  chemokines.  The  two  major  a- 
chemokine  receptors,  CXCR1  and  CXCR2  were  identified  on  these  cells,  and  anti- 
CXCR2  antibodies  inhibited  motility  associated  with  chemokine  stimulation.  These 
antibodies  also  inhibited  baseline  invasion,  suggesting  interfering  with  these  receptors 
could  inhibit  autocrine  and  paracrine  effects  of  chemokines  on  tumor  invasion. 
Additional  work  on  the  signaling  mechanisms  engaged  by  IL-8  was  hampered  by  the 
lack  of  suitable  cell  models. 


We  did,  however,  pursue  more  promising  studies  that  stemmed  from  the  experiments 
originally  described  in  the  statement  of  work.  These  studies  demonstrated  that 
metastatic  tumor  cells  exhibit  highly  avid  and  specific  adhesion  to  bone  marrow 
endothelial  cells  and  this  adhesive  mechanism  is  due  to  an  upregulation  of  enzymes  that 
synthesize  HA.  Manipulation  of  these  enzymes  alters  HA  synthesis  by  these  cells  and 
also  alters  adhesion  of  these  cells  to  bone  marrow  endothelial  cells.  Finally,  inhibiting 
HA  synthesis  by  metastatic,  androgen  independent  prostate  cells  inhibits  the  ability  of 
these  cells  to  form  tumors  and  become  vascularized.  These  studies  have  identified  a 
potential  new  biomarker  for  prostate  tumor  progression  and  they  implicate  HAS  in  the 
biology  of  prostate  tumor  growth,  vascularization  and  metastasis. 
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receptor.  The  Prostate.  41:78-88. 
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2.  Simpson,  M.A.,  et  al.,  Hyaluronan  synthase  elevation  in  metastatic  prostate  carcinoma 
cells  correlates  with  hyaluronan  surface  retention,  a  prerequisite  for  rapid  adhesion  to 
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4.  Simpson,  M.A.,  C.M.  Wilson,  and  J.B.  McCarthy,  Inhibition  of  prostate 
tumor  cell  hyaluronan  synthesis  impairs  subcutaneous  growth  and 
vascularization  in  immunocompromised  mice.  Am  J  Pathol,  2002.  161(3):  p. 
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CXC-Chemokines  Stimulate  Invasion  and 
Chemotaxis  in  Prostate  Carcinoma  Cells 
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BACKGROUND.  Metastasis  of  prostate  carcinoma  requires  invasion  through  the  basement 
membrane,  a  thin  extracellular  matrix  that  underlies  the  epithelial  cells,  which  must  be 
breached  by  tumor  cells  invading  into  surrounding  tissue.  The  CXC-chemokines,  which  have 
been  shown  to  promote  the  migration  of  neutrophils  and  carcinoma  cells,  are  candidates  to 
influence  prostate  carcinoma-cell  invasion. 

METHODS.  CXC-chemokines  were  examined  for  the  ability  to  stimulate  prostate  cell  line 
PC3  invasion  in  vitro  through  a  reconstituted  basement  membrane  and  long-term  migration 
and  short-term  adhesion  to  laminin,  a  major  component  of  the  basement  membrane. 
RESULTS.  PC3  cells  responded  to  IL-8  and  GROa  with  a  1.6-2-fold  increase  in  invasion 
through  reconstituted  basement  membrane.  A  corresponding  2-3-fold  increase  in  chemotaxis 
toward  IL-8  and  GROa  was  seen  on  laminin.  Anti-CXCR2  antibody  inhibited  IL-8-stimulated 
migration.  Expression  levels  of  the  integrins  were  not  changed  by  IL-8,  and  a6pi  integrin 
was  used  for  both  stimulated  and  baseline  migration.  In  addition  to  the  increases  in  migration 
and  invasion,  2-6-fold  transient  increases  in  adhesion  on  laminin  were  seen  with  both  IL-8 
and  GROa. 

CONCLUSIONS.  These  results  suggest  that  the  CXC-chemokines  stimulate  migration  and 
invasion  in  part  by  altering  the  activation  state  of  the  integrins.  The  CXC-chemokines  act 
on  prostate  carcinoma  cells  through  the  CXCR2  receptor  to  promote  behavior  important  for 
metastasis,  and  as  such  may  be  important  in  prostate  carcinoma  progression  and  metastasis. 
Prostate  41:78-88,  1999.  ©  1999  Wiley-Liss,  Inc. 
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INTRODUCTION 

IL-8  and  GROa  are  members  of  a  family  of  CXC- 
chemokines  (CTAP-III,  p-TG,  NAP-2,  PF-4  GROp, 
GROy,  IP-10,  GCP-2,  and  ENA-78)  defined  structur¬ 
ally  by  four  conserved  cysteines  and  functionally  by 
their  ability  to  stimulate  chemotaxis  of  various  cells 
[1,2].  IL-8  and  GROa  are  produced  in  sites  of  inflam¬ 
mation  by  monocytes,  macrophages,  and  nonleuko¬ 
cyte  cells  such  as  epithelial  and  endothelial  cells,  fi¬ 
broblasts,  and  keratinocytes  [1].  IL-8  and  GROa  are 


Abbreviations:  FACS,  fluorescence-activated  cell  scan;  FN,  fibronec- 
tin;  LMN,  laminin;  mAb,  monoclonal  antibody;  pAb,  polyclonal  an¬ 
tibody;  PBS,  phosphate-buffered  saline;  RT-PCR,  reverse  transcrip¬ 
tase-polymerase  chain  reactions;  SFM,  serum-free  medium. 
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also  produced  by  tumor  cells  such  as  prostate,  lung, 
and  melanoma  [3—6].  IL-8-  and  GROa-stimulated  ad¬ 
hesion  and  chemotaxis  are  important  for  neutrophil 
activation  and  infiltration  [7].  In  addition,  IL-8  and 
GROa  stimulate  the  migration  of  other  cell  types  such 
as  T  lymphocytes,  smooth  muscle  cells,  keratinocytes, 
and  endothelial  and  tumor  cells  including  melanoma 
and  breast  carcinoma  [8-11]. 

IL-8  and  GROa  stimulation  of  adhesion  and  migra¬ 
tion  maybe  an  important  factor  in  tumor  progression. 
CXC-chemokine  expression  is  correlated  with  tumor 
progression  in  melanomas,  which  exhibit  increased 
expression  of  IL-8  when  compared  to  normal  melano¬ 
cytes  [5].  Overexpression  of  GROa  in  melanocytes  re¬ 
sults  in  increased  tumorigenicity  [12].  Increased  ex¬ 
pression  of  IL-8  message  and  protein  in  tumors  also 
correlates  with  increased  experimental  metastatic  po¬ 
tential  of  melanoma  cells  in  nude  mice  [6].  IL-8  is  also 
implicated  in  metastasis  of  lung  carcinoma  cells,  as 
neutralizing  IL-8  antibodies  or  IL-8  receptor  antisense 
oligonucleotide  inhibit  growth  and  metastasis  of  lung 
carcinoma  cells  in  vivo  [3,13].  These  studies  suggest 
that  the  CXC-chemokines  play  a  critical  role  in  tumor 
progression. 

IL-8  and  GROa  act  through  a  family  of  G-protein- 
coupled  receptors  designated  the  "CXCR  receptors." 
CXCR1  (IL-8RA)  binds  IL-8  with  high  affinity  but 
binds  other  members  of  the  CXC-chemokine  family 
with  low  affinity.  In  contrast,  CXCR2  (IL-8RB)  binds 
IL-8,  GROa,  NAP-2,  ENA  78,  and  GCP-2  with  high 
affinity  [14,15].  Both  receptors  mediate  IL-8- 
stimulated  chemotaxis  in  CXCR1  or  CXCR2  trans¬ 
fected  Jurkat  cells  [16],  and  neutrophils  can  use  both 
receptors  to  promote  chemotaxis  [17].  Chemokine 
binding  to  CXCR1  and  CXCR2  stimulates  several  sig¬ 
nal  transduction  pathways,  including  release  of  inter¬ 
cellular  stores  of  calcium  and  activation  of  PLC  [18— 
20],  ERK  [21],  Rho  [22],  and  phosphoinositide  metabo¬ 
lism  [23].  IL-8  binding  to  either  receptor  stimulates 
changes  in  adhesion  receptor  expression,  including 
upregulation  of  CDllb/CD18,  and  induction  of  L- 
selectin  shedding  from  the  plasma  membrane  on  neu¬ 
trophils  [24-26].  It  also  stimulates  cytoskeletal  rear¬ 
rangement,  pseudopodia  formation,  and  morphologi¬ 
cal  polarization  [1]. 

Since  adhesion  and  migration  are  important  com¬ 
ponents  of  invasion  into  local  or  distant  sites  during 
prostate  tumor  metastasis,  we  examined  the  ability  of 
the  CXC-chemokines  to  stimulate  prostate  carcinoma 
adhesion,  migration,  and  invasion.  Invasion  was  ex¬ 
amined  using  a  reconstituted  basement  membrane, 
while  adhesion  and  migration  were  examined  using 
substrata  coated  with  laminin,  a  major  component  of 
the  basement  membrane.  We  have  found  that  prostate 
carcinoma  cells  are  able  to  respond  to  two  members  of 
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the  CXC-chemokine  family,  IL-8  and  GROa.  Both  che- 
mokines  stimulate  adhesion  and  migration  of  prostate 
carcinoma  cells  on  laminin  and  also  increased  tumor 
cell  invasion  through  reconstituted  basement  mem¬ 
brane.  The  effects  of  IL-8  and  GROa  are  mediated 
through  the  CXCR2  receptor,  as  PC3  cells  express 
CXCR2  mRNA,  and  neutralizing  antibodies  for 
CXCR2  inhibit  IL-8-stimulated  adhesion  and  migra¬ 
tion.  The  results  suggest  that  CXCR  expression  in 
prostate  carcinoma  may  facilitate  local  invasion  and 
metastasis. 

MATERIALS  AND  METHODS 
Cell  Culture 

Prostate  adenocarcinoma  cell  line  PC3  was  ob¬ 
tained  from  the  ATCC  (Rockville,  MD)  and  main¬ 
tained  in  FI 2  Kaighn's  modification  with  7%  fetal  bo¬ 
vine  serum.  Cells  were  plated  1-2  days  prior  to  ex¬ 
periments  and  used  at  approximately  50%  confluence. 

Reagents 

Mouse  EHS  laminin  [27]  and  fibronectin  [28]  were 
prepared  as  described.  IL-8  and  GROa  were  pur¬ 
chased  from  R&D  Systems  (Minneapolis,  MN)  or  Pep- 
rotech  (Rocky  Hill,  NJ).  Primers  for  PCR  were  pro¬ 
duced  by  the  University  of  Minnesota  Microchemical 
Facility  (Minneapolis,  MN).  Commercially  available 
monoclonal  antibodies  to  IL-8  and  CXCR2  (R&D  Sys¬ 
tems)  and  alpha  6  integrin  (Immunotech,  Inc.,  West¬ 
brook,  ME)  were  used.  Purified  antibody  against  the 
beta  1  integrin  subunit  (P5D2)  was  produced  and 
characterized  as  previously  described  [29]. 

Detection  of  IU8  Receptor  RNA 

Total  RNA  was  isolated  from  PC3  cells  by  gua- 
nidinium-phenol-chloroform  extraction,  using  the  To¬ 
tally  RNA  Kit  according  to  the  manufacturer's  instruc¬ 
tions  (Ambion,  Austin,  TX).  First-strand  cDNA  was 
synthesized  from  total  RNA  using  AMV  reverse  tran¬ 
scriptase  (Gibco  BRL,  Grand  Island,  NY)  according  to 
manufacturer's  instructions.  Specific  cDNAs  for 
CXCR2  were  amplified  by  PCR  with  primers 
5'CCTTTTCTACTAGATGCCGC  and  5'GCGGCATC- 
TAGTAGAAAAGG  [18].  Specific  cDNAs  for  CXCR1 
were  amplified  by  PCR  with  5'GAAGAAGAGCCAA- 
CAAAG  and  S'CTTTGTTGGCTCTTCTTC.  Amplifica¬ 
tion  with  PCR  Master  Mix  (Gibco  BRL)  was  performed 
with  30  cycles  at  94°C,  58°C,  and  70°C  (1  min  each)  for 
CXCR2,  and  94°C,  60°C,  and  70°C  (1  min  each)  for 
CXCR1,  followed  by  12  min  of  72°C  in  a  Perkin  Elmer 
Cetus  (Foster  City,  CA)  DNA  Thermocycler  480.  Am- 
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plified  products  were  analyzed  by  agarose  gel  electro¬ 
phoresis. 

Cell  Adhesion  Assay 

Microtiter  plates  (Immobilon,  Chantilly,  VA)  were 
prepared  for  adhesion  by  incubating  wells  with  100  |xl 
laminin  in  PBS  for  18-24  hr  at  37°C  in  a  humidified 
incubator.  Solutions  were  removed  and  excess  sites 
were  blocked  with  1  mg/ ml  bovine  serum  albumin 
(BSA)  in  PBS  for  1-2  hr  at  37°C  [27].  Subconfluent  PC3 
cells  were  released  with  brief  treatment  of  0.25%  tryp- 
sin-EDTA.  The  trypsin  was  inhibited  with  0.5  mg/ml 
soybean  trypsin  inhibitor  in  SFM  (F12  Kaighn's  modi¬ 
fication  with  0.1%  BSA,  1  mM  sodium  pyruvate,  and 
50  pig /ml  gentamicin),  and  the  cells  were  washed  with 
SFM  and  resuspended  in  adhesion  medium  (SFM  with 
4  mM  HEPES).  Cells  were  incubated  with  the  indi¬ 
cated  concentration  of  chemokine  for  0-30  min  at  37°C 
in  5%  C02.  Neutralizing  antibodies  were  added  prior 
to  the  chemokine  when  appropriate.  Calcein-AM  (Mo¬ 
lecular  Probes,  Eugene,  OR),  a  fluorescent  probe 
which  is  internalized  and  hydrolyzed  by  intracellular 
esterases  producing  a  fluorophor  which  emits  at  530 
nM,  was  added  to  a  final  concentration  of  1  |xg/ml. 
Approximately  1,000  cells/well  were  then  added  to 
adhesion  plate  and  incubated  37°C  for  35  min,  gently 
washed  2-3  times,  and  quantified  in  a  Cytofluor  II 
fluorescent  plate-reader  (Biosearch,  Inc.,  Bedford, 
MA).  Separate  standard  curves  were  performed  for 
each  IL-8  treatment;  however,  no  effect  was  seen  on 
the  fluorescent  intensity  of  the  dye  with  the  different 
chemokine  treatments. 

Cell  Migration  Assay 

Cell  motility  was  assayed  in  48-well  microchambers 
(Neuroprobe,  Bethesda,  MD)  utilizing  8-jxm  pore  size 
polyvinyl  pyrrolidone-free  polycarbonate  filters  (Nu- 
cleopore,  Pleasanton,  CA)  precoated  on  both  sides 
with  the  indicated  concentrations  of  laminin  in  PBS 
(10  mM  phosphate,  150  mM  NaCl,  pH  7.4)  for  16-20 
hr.  The  lower  wells  of  the  microchamber  were  filled 
with  SFM  and  the  indicated  concentration  of  chemo¬ 
kine.  Adherent  PC3  cells  were  released  as  for  the  ad¬ 
hesion  assay  and  resuspended  at  4  x  105  cells/ ml  in 
SFM,  and  50  |jl1  of  cells  were  added  to  the  upper  com¬ 
partment.  Neutralizing  antibodies  were  added  to  the 
cells  before  addition  to  the  chamber  when  appropri¬ 
ate.  Cells  were  allowed  to  migrate  for  6  hr  at  37°C  in 
a  5%  C02  incubator,  and  cells  that  had  migrated  to  the 
underside  of  the  filter  were  stained  and  counted. 

Cell  Invasion  Assay 

Cell  invasion  chambers  were  prepared  according  to 
the  manufacturer's  instructions  (Collaborative  Bio- 


Fig.  I.  PC3  cells  express  CXCR2  mRNA.  Total  RNA  was  iso¬ 
lated  from  PC3  cells  (lanes  1 , 2, 4,  5)  or  neutrophils  (lanes  3, 6). 
cDNA  was  made  using  reverse  transcriptase  and  used  for  RT-PCR 
with  primers  for  CXCR2  (lanes  1 , 3)  or  CXCR2  (lanes  4,  6).  The 
no-RT  control  omitted  the  reverse  transcriptase  when  making  the 
cDNA  (lanes  2,  5). 

medical  Products,  Bedford,  MA).  PC3  cells  (200,000 
cells/well)  in  SFM  were  added  to  the  upper  chamber. 
SFM  containing  the  indicated  concentrations  on  che¬ 
mokine  and  25  jxg/ml  fibronectin  was  added  to  the 
lower  chamber.  Invasion  to  the  lower  chamber  was 
assayed  after  20-30  hr  by  visual  quantification  of  cells 
adhering  to  the  underside  of  the  filter.  Experiments 
were  performed  three  times,  and  representative  ex¬ 
periments  are  shown. 

RESULTS 

PC3  Cells  Express  CXCR2  and  CXCRI  mRNA 

To  determine  if  PC3  cells  could  express  message  for 
receptors  that  bind  the  CXC-chemokines,  mRNA  was 
isolated  from  PC3  cells  and  RT-PCR  was  performed 
for  CXCRI  and  CXCR2  receptors,  using  primers  from 
unique  areas  in  the  receptor  sequences.  Primers  were 
chosen  so  that  the  resulting  amplified  DNA  would  be 
967  bp  for  CXCR2  and  518  bp  for  CXCRI.  CXCRI  and 
CXCR2  RNA  transcripts  were  detected  in  the  PC3  cells 
(Fig.  1).  Neutrophils  were  used  as  a  positive  control 
and,  as  expected,  expressed  mRNA  for  both  receptors. 
Control  reactions  without  reverse  transcriptase  did 
not  have  amplified  message. 

CXC-Chemokines,  IL-8,  and  GROa  Stimulate 
Invasion  Through  a  Reconstituted 
Basement  Membrane 

The  basement  membrane  underlies  the  endothe¬ 
lium  in  the  prostate,  presenting  a  barrier  that  the  pros¬ 
tate  carcinoma  cell  must  cross  in  order  to  metastasize. 
Invasion  through  a  reconstituted  basement  membrane 
is  one  of  the  best  in  vitro  indicators  of  tumor  progres- 
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sion  [30].  Since  PC3  cells  express  CXCR2,  we  tested 
invasion  with  or  without  IL-8  and  GROa,  two  ligands 
for  CXCR2  shown  to  be  chemotactic  agents  in  other 
cell  types.  PC3  cells  were  added  to  the  upper  chamber 
of  the  invasion  chambers,  and  IL-8  or  GROa  were 
added  as  chemoattractants  to  the  lower  part  of  the 
chamber.  After  24  hr,  cells  that  invaded  through  the 
reconstituted  basement  membrane  were  visually 
quantified.  IL-8  and  GROa  were  both  effective  in  in¬ 
creasing  PC3  invasion,  stimulating  invasion  1.8-fold  (P 
<  0.03)  and  1.7-fold  (P  <  0.05)  over  untreated  controls, 
respectively  (Fig.  2).  GROa  and  IL-8  did  not  stimulate 
growth,  as  measured  by  accessing  cell  number  in  the 
PC3  cells  under  conditions  similar  to  those  in  the  in¬ 
vasion  assay,  indicating  that  chemokine-stimulated  in¬ 
vasion  is  not  due  to  increased  cell  proliferation  (data 
not  shown).  As  found  in  neutrophils,  IL-8-induced  mi¬ 
gration  is  chemotactic  in  nature,  since  IL-8-induced 
migration  was  higher  if  an  IL-8  gradient  was  estab¬ 
lished  rather  than  if  IL-8  was  added  together  with  the 
cells  to  stimulate  random  migration  (data  not  shown). 
IL-8  has  been  shown  to  increase  the  expression  of  ad¬ 
hesion  receptors  in  neutrophils;  therefore,  we  exam¬ 
ined  whether  IL-8  or  GROa  stimulated  changes  in  the 
integrins  which  bind  laminin  and  type  IV  collagen, 
major  components  of  the  basement  membrane.  PC3 
cells  stimulated  with  GROa  or  IL-8  did  not  change 
their  expression  of  Pi,  £4,  a^  a^  or  a6  integrins  as 
measured  by  flow  cytometry  (data  not  shown). 

IL-8  and  GROa  Stimulate  Migration  on  Laminin,  a 

Major  Component  of  the  Basement  Membrane 

CXC-chemokines  have  been  shown  to  stimulate  mi¬ 
gration  in  a  variety  of  cell  types.  In  order  to  determine 
if  chemotactic  properties  could  contribute  to  the  IL-8 
stimulation  of  invasion,  we  assessed  the  ability  of  IL-8 
to  stimulate  PC3  migration.  Laminin,  a  major  compo¬ 
nent  of  the  basement  membrane,  was  coated  on  both 
sides  of  the  migration  filter.  This  provided  a  relevant 
matrix  to  support  cellular  migration.  However,  since  it 
was  coated  on  both  sides  of  the  filter,  it  did  not  act  as 
a  haptotactic  reagent.  Also,  suboptimal  concentrations 
of  laminin  were  used  to  minimize  the  potential  con¬ 
tribution  of  spontaneous  random  migration  on  lami¬ 
nin.  At  these  concentrations,  LMN  was  able  to  support 
low  levels  of  random  migration.  IL-8  was  added  to  the 
lower  compartment  of  a  modified  Boyden  chamber  to 
act  as  a  chemotactic  agent,  and  PC3  cells  were  added 
to  die  upper  compartment  and  allowed  to  migrate  for 
6  hr.  Over  a  range  of  0.2-20  nM,  IL-8  was  chemotactic 
for  PC3  cells  migrating  on  laminin  (P  <  0.05  at  0.2  nM 
and  P  <  0.001  at  2  and  20  nM)  (Fig.  3).  IL-8  concentra¬ 
tions  used  for  stimulating  PC3  cell  migration  were 
similar  to  concentrations  of  IL-8  used  to  stimulate  neu- 
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Fig.  2.  IL-8  and  GROa  stimulate  invasion  through  a  reconsti¬ 
tuted  basement  membrane.  PC3  cells  were  added  to  the  upper 
well  of  the  invasion  chamber  and  allowed  to  invade  through  the 
reconstituted  basement  membrane  towards  (A)  36  nM  IL-8  or  (B) 
13  nM  GROa.  Invasion  assays  were  for  30  hr.  Cells  that  invaded 
attached  to  the  bottom  of  the  supporting  filter,  which  was  coated 
with  fibronectin.  Cells  were  stained  and  visually  quantified.  Data 
represent  the  means  of  triplicate  determinations  plus  or  minus  the 
standard  error  of  the  mean. 

trophil  and  T-cell  transmigration  through  endothelial 
cells  [9,10,31].  IL-8-stimulated  migration  was  inhibited 
by  anti-IL-8  mAbs,  demonstrating  the  specificity  of  the 
reaction  (data  not  shown).  IL-8  therefore  acts  as  a  che¬ 
moattractant  for  PC3  prostate  carcinoma  cells  under 
these  conditions. 

To  examine  if  another  member  of  the  CXC- 
chemokine  family  could  also  stimulate  migration,  we 
tested  whether  GROa  could  also  stimulate  migration. 
At  the  nanomolar  concentrations  used  in  these  experi- 
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Fig.  3.  IL-8  and  GROa  are  chemotactic  for  PC3  cells  migrating 
on  laminin.  Chemokines  at  the  indicated  concentrations  were 
added  to  the  lower  well  of  a  modified  Boyden  chamber.  The  wells 
were  overlaid  with  filters  coated  on  both  sides  with  5  pg/ml  lam¬ 
inin.  PC3  cells  were  added  to  the  upper  wells  and  incubated  for  6 
hr,  and  cells  that  migrated  through  the  filter  were  stained  and 
visually  quantitated.  Data  are  from  representative  experiments 
and  are  the  means  of  triplicate  plus  or  minus  the  standard  devia¬ 
tion  of  the  mean. 

ments,  GROa  acts  through  CXCR2  and  does  not  bind 
CXCR1  [16].  GROa  also  stimulated  PC3  chemotaxis  on 
laminin,  indicating  that  CXCR2  is  functional  in  PC3 
cells  (Fig.  3).  At  0.2  nM,  GROa  PC3  cells  responded 
with  a  1.7-fold  increase  in  migration  toward  the  che- 
mokine  over  basal  migration  (P  <  0.01),  with  maximal 
response  at  2  nM  GROa  (P  <  0.001).  The  decrease  in 
GROa  stimulation  of  chemotaxis  at  20  nM  was  occa¬ 
sionally  seen  at  higher  concentrations  of  both  IL-8  and 
GROa,  and  is  seen  in  other  systems  [32]. 

IL-8  and  GROa  Stimulate  Transient  Changes  in 
Adhesion  to  Laminin 

Changes  in  the  adhesive  phenotype  can  contribute 
to  an  increase  in  migration  behavior.  Therefore  we 
looked  at  whether  IL-8  stimulates  laminin-mediated 
adhesion  in  a  short-term  adhesion  assay.  PC3  cells 
were  pretreated  for  0-30  min  with  18  nM  IL-8,  added 
to  laminin-coated  wells,  and  allowed  to  adhere  for  35 
min.  Suboptimal  laminin  concentrations  were  used  so 
that  when  no  chemokine  was  added,  the  laminin  con¬ 
centration  supported  only  very  low  levels  of  cell  ad¬ 
hesion.  Preincubation  with  IL-8  for  15  min  resulted  in 
a  2-fold  increase  in  adhesion  (P  <  0.01)  (Fig.  4A).  The 
increase  in  adhesion  was  transient,  as  the  cells  did  not 
continue  to  respond  to  IL-8,  returning  to  unstimulated 
levels  after  30  min  of  IL-8  treatment. 

GROa  stimulation  of  adhesion  was  also  observed, 
but  was  greater  than  that  observed  with  IL-8  (8.9-fold 
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Fig.  4.  IL-8  and  GROa  stimulate  PC3  adhesion  to  laminin.  Fluo- 
rescently  labeled  PC3  cells  were  pretreated  with  (A)  18  nM  IL-8 
or  (B)  4  nM  GROa  for  the  indicated  times  (in  min)  and  then  added 
to  microtiter  plates  coated  with  laminin.  Cells  were  allowed  to 
adhere  for  30  min  and  then  were  washed,  and  adherent  cells  were 
quantified  with  a  fluorescent  plate-reader.  Cells  with  no  preincu¬ 
bation  had  chemokine  added  at  the  start  of  the  assay.  Adhesion  of 
treated  cells  is  compared  to  untreated  PC3  cells. 

vs.  2-fold,  Fig.  4B).  GROa  increased  PC3  adhesion  to 
laminin  when  added  at  the  start  of  the  adhesion  assay. 
Although  GROa  stimulated  PC3  adhesion  laminin 
more  rapidly  than  did  IL-8  (Fig.  4),  this  difference  was 
not  routinely  observed  (data  not  shown).  In  all  experi¬ 
ments,  the  IL-8-  or  GROa-stimulated  increase  in  ad¬ 
hesion  was  transient,  as  adhesion  returned  to  pre¬ 
stimulation  levels  after  30  min.  The  laminin  adhesion 
receptor  levels  did  not  change  over  the  time  course  of 
the  adhesion  assay  as  measured  by  flow  cytometry, 
and  anti-a6  or  anti-pl  integrin  antibodies  inhibited 
prostate  cell  adhesion  to  laminin  in  the  presence  or 
absence  of  chemokines  (data  not  shown).  These  results 
indicate  that  chemokine-stimulated  increases  in  lami¬ 
nin-mediated  adhesion  require  laminin-specific  inte- 
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Fig.  S.  Neutralizing  antibodies  to  CXCR2  inhibit  IL-8  stimula¬ 
tion  of  adhesion  to  laminin.  PC3  cells,  preincubated  with  or  with¬ 
out  0.5  pg/ml  anti-CXCR2  mAb  or  control  isotype-matched  anti¬ 
body,  were  stimulated  with  10  nM  IL-8  for  10  min  and  added  to 
adhesion  wells  coated  with  2.5  pg/ml  laminin,  and  then  were  in¬ 
cubated  for  35  min,  washed,  and  quantified. 


Fig.  6.  Neutralizing  antibodies  to  CXCR2  inhibit  IL-8  stimula¬ 
tion  of  chemotaxis.  PC3  cells,  preincubated  with  or  without  0.5 
pg/ml  anti-CXCR2  mAb  or  control  isotype-matched  antibody, 
lgG2a,  were  added  to  the  chemotaxis  assay  in  which  10  nM  of  IL-8 
were  added  to  the  lower  chamber.  Migration  was  for  6  hr  on  a 
filter  coated  on  both  sides  with  7.5  pg/ml  LMN.  *P  <  0.015.  **P  < 
0.006. 


grins,  and  they  suggest  that  chemokines  stimulate 
functional  changes  in  these  integrins. 

IL-8  Utilizes  the  CXCR2  Receptor  to  Stimulate 
Adhesion  and  Migration 

IL-8  binds  to  both  CXCR1  and  CXCR2  with  high 
affinity,  and  both  receptors  are  able  to  signal  adhesion 
and  chemotaxis.  As  PC3  cells  express  message  for 
CXCR2  and  respond  to  chemokines  which  bind  only 
CXCR2  at  nanomolar  concentrations,  we  used  neutral¬ 
izing  antibodies  for  CXCR2  in  the  adhesion  and  che¬ 
motaxis  assays  to  block  IL-8  stimulation  of  adhesion 
and  migration.  The  IL-8  adhesion  was  mediated  by  the 
CXCR2  receptor,  as  neutralizing  antibodies  to  the  re¬ 
ceptor  inhibited  65%  of  the  IL-8  stimulation  of  adhe¬ 
sion  (P  <  0.003)  (Fig.  5).  The  CXCR2  antibody  also 
inhibited  70%  of  the  IL-8  stimulation  of  migration 
(Fig.  6). 

GROa-Stimulated  Migration  of  Prostate 
Carcinoma  Cells  Through  a6(3,  Integrin 

PC3  cells  use  integrin  to  adhere  and  migrate  on 
laminin.  The  pa  integrins  are  a  major  family  of  adhe¬ 
sion  molecules  used  to  bind  to  matrix  molecules  such 
as  laminin.  The  CXC-chemokines  have  been  shown  to 
stimulate  adhesion  through  the  p!  integrins  on  T  lym¬ 
phocytes  [8,33].  Neutralizing  antibodies  to  p!  integrin 
and  integrin  subunits  inhibit  both  basal  migration 


and  GROa-stimulated  migration  of  PC3  cells,  indicat¬ 
ing  that  prostate  carcinoma  cells  treated  with  GROa 
use  a6pj  integrin  to  migrate  on  laminin  (Fig.  7).  Fur¬ 
ther  experiments  with  inhibiting  antibodies  to  inte¬ 
grins  did  not  suggest  a  role  for  a ^  a^  a5,  or  p4 
integrin  subunits  in  chemokine-induced  PC3  cell  mi¬ 
gration  on  laminin  (Data  not  shown).  In  addition,  in¬ 
hibiting  antibodies  showed  that  the  o^pj  integrin  was 
used  for  IL-8-stimulated  migration  and  adhesion  on 
laminin  (data  not  shown).  IL-8  and  GROa  also  both 
stimulated  migration  on  fibronectin  at  2  and  20  nM 
chemokine  (P  <  0.01)  (Fig.  8),  possibly  through  effects 
on  the  fibronectin  integrins  a5pj  and  a3p1,  both  of 
which  are  expressed  by  PC3  cells.  This  suggests  that 
the  CXC-chemokines  may  act  on  the  pj  integrins  to 
enhance  migration  and  invasion.  As  was  observed  for 
a6Pj  integrin,  cell  surface  levels  of  the  fibronectin  in¬ 
tegrins  ttsPi  and  a3p!  did  not  change  as  a  function  of 
chemokine  treatment.  These  results  suggest  that  IL-8 
and  GROa  stimulate  migration  of  PC3  cells  by  modi¬ 
fying  the  function  of  the  existing  p2  integrins  rather 
than  by  upregulating  expression  of  new  adhesion  re¬ 
ceptors,  as  has  been  demonstrated  in  leukocytes. 

DISCUSSION 

Chemokines  are  important  for  stimulating  cell  ad¬ 
hesion,  chemotaxis,  and  invasion  of  inflammatory 
cells  [1].  Chemokines  also  promote  adhesion  and  mi¬ 
gration  of  other  cell  types,  including  breast  carcinoma 


84  Reiland  et  a!. 


160 


B  GROa 

Chemokine 


Fig.  7.  Neutralizing  antibodies  to  (3,  integrin  and  a6  integrin 
inhibit  GROa  stimulation  of  chemotaxis.  PC3  cells  preincubated 
with  or  without  0.5  pg/ml  anti-integrin  mAbs  were  added  to  the 
chemotaxis  assay  in  which  no  chemokine  or  2.5  nM  GROa  were 
added  to  the  lower  chamber.  Migration  was  for  6  hr  on  a  filter 
coated  on  both  sides  with  7.5  Mg/ml  LMN. 

160  *i - - - — - j 


140 


GROa 

Chemokine  (nM) 

Fig.  8.  IL-8  and  GROa  are  chemotactic  for  PC3  cells  migrating 
on  fibronectin.  PC3  cells  were  incubated  for  6  hr  in  modified 
Boyden  chambers  with  filters  coated  with  5  pg/ml  fibronectin  and 
chemokine  in  the  lower  well  as  the  chemoattractant 

and  melanoma  cells,  indicating  a  role  for  these  che¬ 
motactic  cytokines  in  tumor  migration  and  invasion 
[9,10].  We  therefore  examined  whether  two  CXC- 
chemokines,  IL-8  and  GROa,  could  promote  prostate 
carcinoma-cell  invasion,  migration,  and  adhesion. 
CXC-chemokines,  IL-8  and  GROa,  stimulate  PC3  car¬ 
cinoma-cell  invasion  through  reconstituted  basement 
membrane.  The  increase  in  invasion  is  accompanied 
by  an  IL-8-  and  GROa-stimulated  increases  in  chemo¬ 
taxis  of  cells  on  laminin,  a  major  component  of  the 
basement  membrane.  In  addition  to  stimulation  of  in¬ 
vasion  and  migration,  which  take  place  over  a  period 


of  6-24  hr,  the  CXC-chemokines  stimulate  transient 
increases  in  adhesion,  which  are  maximal  at  15  min. 

Several  lines  of  evidence  demonstrate  that  the  che¬ 
mokine  receptor,  CXCR2,  contributes  to  these  biologi¬ 
cal  effects.  First,  PC3  cells  express  mRNA  for  CXCR2. 
Next,  neutralizing  antibodies  to  CXCR2  inhibit  60%  of 
the  IL-8  stimulation  of  adhesion  and  migration.  Also, 
CXCR2  is  the  only  known  receptor  to  bind  GROa  and 
stimulate  migration  at  the  concentrations  used  in  these 
experiments.  While  CXCR2  is  the  predominantly  ac¬ 
tive  receptor  in  stimulating  CXC-chemokine  activity 
in  PC3  cells,  CXCR1  could  also  contribute  to  the  IL-8 
stimulation  of  adhesion  and  migration.  Indeed,  pre¬ 
liminary  experiments  suggest  that  CXCR1  contributes 
to  IL-8-induced  adhesion  and  migration,  as  anti- 
CXCR1  mAbs  inhibit  adhesion  and  migration  when 
used  together  with  CXCR2  antibodies  (data  not 
shown).  Additional  studies  using  alternate  ap¬ 
proaches  to  selectively  isolate  the  two  different  recep¬ 
tors'  functions  are  in  progress  to  evaluate  their  relative 
contributions  to  chemokine-enhanced  adhesion,  mi¬ 
gration,  and  invasion. 

The  mechanism  by  which  IL-8  and  GROa  stimulate 
invasion  is  not  known.  The  transient  nature  of  the 
adhesion  effect  may  be  important  for  regulating  che¬ 
motaxis  and  invasion,  as  the  migration  of  cells  in¬ 
volves  both  adhesive  and  deadhesive  events.  Tran¬ 
sient  stimulation  of  adhesion  would  allow  the  cell  to 
attach  at  the  leading  edge  and  then  migrate,  rather 
than  remain  firmly  attached  in  one  place.  It  has  been 
proposed  that  chemokines  stimulate  more  than  one 
signal  transduction  pathway,  leading  to  the  same  che¬ 
mokine  being  able  to  stimulate  both  short-term  adhe¬ 
sion  and  long-term  migration  and  invasion  [33].  In 
addition  to  adhesion  and  migration,  degradation  of 
the  matrix  is  also  an  important  step  in  invasion.  IL-8 
and  GROa  are  known  to  stimulate  neutrophils  to  re¬ 
lease  preformed  granules  containing  proteinases  [34]. 
Whether  the  CXC-chemokines  stimulate  protease  ex¬ 
pression  or  activity  on  prostate  carcinoma  cells  is  not 
known.  PC3  cells  are  invasive  without  the  addition  of 
chemokines,  although  at  reduced  levels,  indicating 
that  sufficient  proteases  are  present  for  invasion.  Ad¬ 
ditional  protease  release  or  activation  could  increase 
the  invasiveness  of  the  cells.  However,  as  PC3  cell 
motility  is  increased  by  chemokine  treatment,  this  sug¬ 
gests  that  increased  migration  contributes  to  increased 
invasion.  The  increased  tumor  migration  and  inva¬ 
siveness  could  translate  into  increased  metastasis  of  a 
prostate  tumor  in  vivo  when  it  results  in  cells  moving 
away  from  the  tumor  into  new  tissues. 

Multiple  potential  sources  of  CXC-chemokines  are 
present  in  the  prostate  and  in  prostate  carcinoma.  Tu¬ 
mors  are  heterogeneous  mixtures  of  cells,  including 
immune  cells  that  infiltrate  in  response  to  the  tumor. 
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which  could  also  secrete  a  number  of  chemokines.  IL-8 
is  present  in  sites  of  inflammation,  being  secreted  by 
activated  monocytes,  macrophages,  neutrophils,  en¬ 
dothelial  cells,  fibroblasts,  and  mitogen-activated  T 
lymphocytes  [1,35].  Macrophages,  a  potential  source 
of  IL-8  in  prostate  carcinoma,  are  present  at  higher 
levels  in  highly  metastatic  prostate  carcinoma  than  in 
locally  invasive  carcinoma  [36].  Although  the  macro¬ 
phage  could  act  in  pleiotrophic  ways  to  promote  pros¬ 
tate  tumor  progression,  secretion  of  IL-8  and  the  CXC- 
chemokines  could  stimulate  migratory  and  invasive 
phenotypes  in  prostate  carcinoma  cells.  In  addition  to 
the  immune  cells  that  produce  chemokines,  cells  nor¬ 
mally  within  the  prostate  also  may  produce  CXC- 
chemokines  [37].  In  this  regard,  IL-8  has  also  been 
shown  to  be  produced  by  stromal  cells  cultured  from 
prostates,  although  the  exact  cell  type(s)  producing 
IL-8  in  these  cultures  was  not  identified  [37]. 

The  CXC-chemokines  could  stimulate  autocrine  ac¬ 
tivity,  as  tumor  cells  themselves  are  possible  sources 
of  IL-8  and  GROa  [1],  IL-8  expression  in  tumors  can  be 
upregulated  by  inflammatory  cytokines  [38].  IL-8  ex¬ 
pression  can  also  be  upregulated  at  the  site  of  tumor 
implantation  [39],  and  in  areas  of  necrosis  which  are 
accompanied  by  hypoxia  and  ischemia  [40].  Prostate 
adenocarcinoma  cells  implanted  orthotopically  ex¬ 
press  more  IL-8  mRNA  than  cells  placed  ectopically, 
indicating  that  the  microenvironment  of  the  prostate  is 
capable  of  stimulating  the  carcinoma  cells  to  produce 
IL-8  [4].  GROa  is  produced  by  a  variety  of  cancer  cell 
types  and  is  also  present  at  sites  of  inflammation 
[1,41].  GROa  has  not  yet  been  identified  in  the  pros¬ 
tate  or  prostate  carcinoma;  however,  it  is  found  in 
seminal  fluid,  which  is  produced  in  part  by  the  pros¬ 
tate  gland  [42].  The  PC3  cells  used  in  these  studies 
expressed  IL-8  protein,  as  determined  by  ELISA  (per¬ 
sonal  communication  from  Dr.  Joseph  E.  De  Larco), 
and  this  chemokine  production  could  contribute  to  the 
basal  migration  seen  on  laminin.  Thus,  IL-8  and  GROa 
could  act  in  an  autocrine  fashion  to  stimulate  basal 
migration  of  prostate  carcinoma,  either  in  the  primary 
tumor  site  or  at  distant  sites.  In  addition  to  IL-8  and 
GROa,  NAP-2,  ENA  78,  GCP-2,  GROp,  and  GROy  all 
bind  to  the  CXCR2  receptor  and  are  possible  addi¬ 
tional  sources  of  chemotactic  activity  for  prostate  car¬ 
cinoma  in  vivo  [14,15].  During  the  course  of  tumor 
progression,  as  prostate  tumors  invade  locally  or  me¬ 
tastasize  to  a  distant  site,  the  tumor  may  use  CXCR2  to 
respond  to  several  members  of  the  CXC-chemokine 
family,  depending  on  which  chemokine  family  mem¬ 
ber  is  present  at  a  particular  site. 

IL-8  and  GROa  stimulate  prostate  carcinoma  che- 
motaxis  on  laminin-coated  substrata  through  a6pj  in- 
tegrin,  which  has  been  linked  to  prostate  tumor  pro¬ 
gression  [43].  Although  no  clear  changes  in  p 1  integrin 


expression  have  been  found  during  prostate  cancer 
progression,  several  reports  have  described  relative 
decreases  in  p4  expression  in  advanced  prostate  carci¬ 
noma  compared  to  normal  tissue  [44,45].  The  a6  inte¬ 
grin  associates  with  both  p4  and  p2  integrin.  In  more 
advanced  prostate  cancer,  p4  integrin  is  downregu- 
lated  and  the  a6  subunit  preferentially  associates  with 
Pi  [46].  The  relative  increase  in  a6pa  expression  may 
lead  to  increased  malignant  behavior,  since  it  was  pre¬ 
viously  shown  that  the  expression  of  a6p2  integrin 
causes  an  increase  in  the  invasiveness  of  the  prostate 
cells  in  an  in  vivo  experimental  model  [43].  IL-8  and 
GROa  stimulation  of  adhesion  and  migration  is  not 
limited  to  a6pt  integrin-specific  ligands,  as  these  che¬ 
mokines  also  stimulate  adhesion  and  migration  on  fi- 
bronectin,  which  binds  a5p1  and  perhaps  a3p!  inte¬ 
grin.  This  suggests  IL-8  and  GROa  may  stimulate  Pj 
integrin-mediated  events  in  general  rather  than  acting 
through  one  particular  a/p  integrin  heterodimer.  As  a 
result,  chemokines  may  act  to  stimulate  invasion  of 
prostate  carcinoma  cells  through  multiple  tissues  and 
basement  membranes,  thus  contributing  to  metastasis 
during  several  stages  of  the  process. 

IL-8  and  GROa  stimulate  adhesion  and  migration 
through  modulation  of  the  activation  state  of  pj  inte- 
grirvs,  rather  than  by  changing  the  surface  expression 
levels  of  these  integrins.  In  other  cell  types,  the  CXC- 
chemokines  stimulate  pt  integrin-mediated  adhesion 
and  migration  on  matrix  components.  IL-8  has  been 
shown  to  stimulate  T-cell  [8],  neutrophil  [47],  and 
sickle  erythrocyte  [48]  migration  or  adhesion  on  fibro- 
nectin  and  fibrinogen.  integrin  receptor  expression 
is  not  profoundly  changed  by  the  chemokines,  and 
this  has  led  to  the  proposal  that  the  pt  integrins  are 
functionally  activated  by  the  CXC-chemokines  [47].  In 
prostate  carcinoma  cells,  this  is  supported  in  part  by 
the  observations  that  IL-8  and  GROa  can  transiently 
induce  high  levels  of  PC3  cell  adhesion  at  laminin  con¬ 
centrations  that  normally  support  only  low  levels  of 
adhesion.  Also,  PC3  cells  use  the  same  integrins  for 
chemokine-induced  migration  as  for  basal  migration. 
Finally,  IL-8  and  GROa  do  not  upregulate  p2  integrin 
expression  in  prostate  carcinoma  cells.  Therefore  it 
may  be  possible  that  changes  in  receptor  affinity  or 
avidity  rather  than  expression  account  for  the  stimu¬ 
lation  in  prostate  carcinoma  cells.  The  o^p,  integrin 
can  be  activated  by  stimulating  inside-out  signaling 
pathways  [49,50],  and  studies  are  in  progress  to  evalu¬ 
ate  if  chemokine  treatment  alters  the  relative  affinity 
of  PC3  cells  for  laminin.  Alternatively,  the  chemokines 
could  be  changing  integrin  avidity  or  they  may  impact 
on  signal  pathways  downstream  of  the  integrin  to  en¬ 
hance  integrin-mediated  matrix  interactions. 

The  chemokines  are  known  to  stimulate  signal 
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transduction  pathways  that  are  linked  to  integrin  ac¬ 
tivation.  IL-8  and  GROa  stimulate  intracellular  cal¬ 
cium  release  [51],  PI3  kinase  [52],  and  Rho  activity 
[22],  which  are  also  linked  to  increased  integrin- 
mediated  adhesion,  cytoskeletal  changes,  and  integrin 
activation  [22,53-55].  Inhibiting  the  IL-8  signal  trans¬ 
duction  pathways  that  have  been  linked  to  integrins 
inhibits  the  ability  of  the  chemokine  to  stimulate  mi¬ 
gration  and  adhesion.  For  example,  inhibiting  PI3 
kinase  inhibits  IL-8-stimulated  migration  [52],  and 
inhibiting  Rho  inhibits  IL-8-stimulated  adhesion  of 
lymphocytes  transfected  with  IL-8  receptors  [22].  Che- 
mokines  have  been  demonstrated  to  increase  T  lym¬ 
phocyte  integrin-mediated  adhesion  [33,56]  and  mi¬ 
gration  [33]  to  matrix  molecules  without  changes  in 
integrin  expression,  suggesting  changes  in  integrin  ac¬ 
tivity  [56].  Chemokine  stimulation  of  migration  and 
adhesion  in  T  lymphocytes  (similar  to  results  with 
prostate  cells)  suggests  that  chemokines  use  more  than 
one  signal  transduction  pathway  to  stimulate  such  a 
broad  range  of  effects  [33].  By  using  more  than  one 
signal  transduction  pathway  in  tumors,  the  CXC- 
chemokines  could  stimulate  both  more  long-term  (in¬ 
vasion,  migration)  and  short-term  (adhesion)  effects. 

In  conclusion,  the  CXC-chemokines,  which  stimu¬ 
late  PC3  prostatic  carcinoma  cells  to  adhere  to,  migrate 
on,  and  invade  the  basement  membrane,  could  be  im¬ 
portant  in  signaling  the  tumor  cell  to  become  invasive. 
The  CXCR2  receptor,  present  on  PC3  cells,  mediates 
the  CXC-chemokine  stimulation  of  adhesion,  migra¬ 
tion,  and  invasion.  As  the  CXCR2  receptor  binds  many 
members  of  the  CXC-chemokine  family,  prostate 
cells  could  respond  to  a  variety  of  CXC-chemokines, 
allowing  the  tumor  to  take  advantage  of  different  che¬ 
mokines  at  different  points  in  tumor  progression.  Fo¬ 
cusing  on  how  the  receptor  signals  tumor  cells  may 
provide  basic  insights  into  how  tumors  invade  sur¬ 
rounding  tissue.  In  particular,  it  will  be  important  to 
understand  CXC-chemokine  receptor-signaling  in 
prostate  cancer  and  to  define  the  relationship  of  this 
receptor  to  integrin-mediated  adhesion  and  migra¬ 
tion.  Factors  that  change  integrin  activity  rather  than 
gross  changes  in  integrin  expression  may  play  an  im¬ 
portant  role  in  signaling  the  adhesion  and  migration 
changes  required  for  the  prostate  carcinoma  to  be¬ 
come  invasive.  Understanding  pathways  between  the 
CXC-chemokines  and  integrin  action  may  provide  bet¬ 
ter  diagnoses  or  may  lead  to  an  effective  therapy  for 
the  management  of  prostate  cancer  patients. 
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Bone  marrow  is  the  primary  site  of  metastasis  in  pa¬ 
tients  with  advanced  stage  prostate  cancer.  Prostate 
carcinoma  cells  metastasizing  to  bone  must  initially  ad¬ 
here  to  endothelial  cells  in  the  bone  marrow  sinusoids. 
In  this  report,  we  have  modeled  that  interaction  in  vitro 
using  two  bone  marrow  endothelial  cell  (BMEC)  lines 
and  four  prostate  adenocarcinoma  cell  lines  to  investi¬ 
gate  the  adhesion  mechanism.  Highly  metastatic  PC3 
and  PC3M-LN4  cells  were  found  to  adhere  rapidly  and 
specifically  (70-90%)  to  BMEC-1  and  trHBMEC  bone 
marrow  endothelial  cells,  but  not  to  human  umbilical 
vein  endothelial  cells  (15-25%).  Specific  adhesion  to 
BMEC-1  and  trHBMEC  was  dependent  upon  the  pres¬ 
ence  of  a  hyaluronan  (HA)  pericellular  matrix  assem¬ 
bled  on  the  prostate  carcinoma  cells.  DU145  and  LNCaP 
cells  were  only  weakly  adherent  and  retained  no  cell 
surface  HA.  Maximal  BMEC  adhesion  and  HA  encapsu¬ 
lation  were  associated  with  high  levels  of  HA  synthesis 
by  the  prostate  carcinoma  cells.  Up-regulation  of  HA 
synthase  isoforms  Has2  and  Has3  relative  to  levels  ex¬ 
pressed  by  normal  prostate  corresponded  to  elevated 
HA  synthesis  and  avid  BMEC  adhesion.  These  results 
support  a  model  in  which  tumor  cells  with  up-regulated 
HA  synthase  expression  assemble  a  cell  surface  hyaluro¬ 
nan  matrix  that  promotes  adhesion  to  bone  marrow  en¬ 
dothelial  cells.  This  interaction  could  contribute  to  pref¬ 
erential  bone  metastasis  by  prostate  carcinoma  cells. 


Prostate  cancer  is  the  second  leading  cause  of  cancer  death  in 
men  (1).  In  metastatic  prostate  cancer,  peripheral  tumor  cells 
undergo  phenotypic  changes  that  facilitate  invasion  of  surround¬ 
ing  organ  tissues,  entry  into  the  lymphatic  system  and/or  the 
bloodstream,  and  colonization  of  other  tissues  in  the  body.  Their 
ability  to  establish  growth  in  a  remote  site  is  dependent  upon  a 
specific  recognition  process  involving  an  initial  rapid  adhesion  of 
the  circulating  tumor  cell  to  endothelial  cells  lining  the  bone 
marrow  microvasculature  (2),  transmigration  through  the  endo¬ 
thelial  cell  barrier,  and  subsequent  lodgment  in  the  stroma  (3, 4). 
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Remote  metastases  in  prostate  cancer  often  occur  in  bone  mar¬ 
row,  suggesting  tissue  or  endothelial  cell-specific  factors  may 
contribute  to  prostate  cancer  metastasis  to  bone  (2,  5). 

Bone  marrow  endothelial  cells  (BMEC)1  maintain  a  special¬ 
ized  endothelium  that  must  allow  cell  trafficking  in  and  out  of 
the  bone  marrow  (3,  4,  6).  In  addition  to  regulating  the  egress 
of  mature  myeloid  and  lymphoid  cells,  BMEC  selectively  allow 
transmigration  of  progenitor  cells  from  a  circulating  popula¬ 
tion,  indicating  that  specific  receptors  regulate  the  movement 
of  cells  through  the  endothelium  (7).  Studies  have  shown  that 
the  transmigrating  cells  move  directly  through  an  endothelial 
cell  in  a  process  that  involves  specific  adhesive  interactions 
(Ref.  3  and  references  therein).  BMEC  constitutively  express 
adhesion  receptors  such  as  VCAM-1  (8,  9),  E-selectin  (9),  and 
P-selectin  (10),  which  are  not  expressed  in  large  vein  endothe- 
lia  unless  activated  by  cytokines  (6).  Specific  adhesive  interac¬ 
tions  between  hemopoietic  cells  and  BMEC  thought  to  be  im¬ 
portant  for  homing  include  endothelial  lectins  and  progenitor 
glycoproteins  (11-14),  VCAM/VLA-4  (11—13),  and  CD44/hyalu- 
ronan  (15).  Initial  adhesion  may  be  mediated  primarily 
through  selectins  and  glycoproteins.  BMEC-associated  chemo- 
kines  such  as  SDF-1  (stromal-derived  factor)  can  then  stimu¬ 
late  integrin  ligation,  leading  to  progenitor  arrest  (16,  17). 

Because  the  bone  marrow  microvasculature  presents  the 
first  site  of  interaction  for  circulating  tumor  cells  metastasizing 
to  the  bone  marrow,  it  is  likely  that  mechanisms  of  metastasis 
may  parallel  those  employed  by  homing  progenitors.  In  fact, 
tumor  cells  have  been  shown  to  bind  and  transmigrate  through 
BMEC  (17-19).  The  adhesion  molecules  implicated  in  these 
processes,  CD44/hyaluronan,  VLA-4/V CAM,  and  LFA-l/ICAM, 
are  also  involved  in  homing  and  extravasation  of  circulating 
lymphocytes  and  progenitor  cells. 

Hyaluronan  (HA)  is  a  ubiquitous  high  molecular  weight  gly- 
cosaminoglycan  polymer  required  for  growth,  development,  cell 
motility,  and  cushioning  of  joints  (20, 21).  Elevated  levels  of  HA 
are  associated  with  various  pathologies,  such  as  arthritis,  in¬ 
flammation,  and  several  cancers  (22-24),  including  prostate 
(25,  26).  Melanoma  cells  selected  for  high  expression  of  HA 
were  more  metastatic  when  injected  into  nude  mice  than  cells 


1  The  abbreviations  used  are:  BMEC,  bone  marrow  endothelial  cells; 
HUVEC,  human  umbilical  vein  endothelial  cells;  BMSC,  bone  marrow 
stromal  cells;  HA,  hyaluronan;  HAase,  hyaluronidase;  HAS,  hyaluro¬ 
nan  synthase;  VCAM/ICAM,  vascular/intercellular  cell  adhesion  mole¬ 
cule;  GAPDH,  glyceraIdehyde-3-phosphate  dehydrogenase;  RT-PCR, 
reverse  transcription  followed  by  polymerase  chain  reaction;  PBS,  phos¬ 
phate-buffered  saline;  FBS,  fetal  bovine  serum;  SFM,  serum  free  me¬ 
dium;  HRP,  horseradish  peroxidase;  OPD,  or/fco-phenylenediamine; 
PAGE,  polyacrylamide  gel  electrophoresis;  BSA,  bovine  serum  albumin. 


This  paper  is  available  on  line  at  http://www.jbc.org 


17949 


17950 


Prostate  Carcinoma  and  Bone  Marrow  Endothelial  Cells 


that  expressed  low  amounts  of  HA  (27).  Furthermore,  overex¬ 
pression  of  HA  biosynthetic  enzymes  in  tumor  cell  lines  has 
been  shown  to  increase  tumorigenicity  and  metastatic  poten¬ 
tial  (28,  29). 

To  investigate  the  molecular  mechanism  of  initial  adhesion 
to  bone  marrow  endothelium,  we  modeled  adhesion  in  vitro 
using  the  bone  marrow  endothelial  cell  lines  BMEC-1  and 
trHBMEC  and  four  prostate  adenocarcinoma  cell  lines,  PC3, 
PC3M-LN4,  DU145,  and  LNCaP.  Highly  metastatic  PC3  and 
PC3M-LN4  cells  adhered  rapidly  to  BMEC-1  but  not  to  large 
vein  endothelial  cells  (HUVEC).  DU145  and  LNCaP  cells,  in 
contrast,  were  poorly  adherent  to  endothelial  cells.  Maximal 
BMEC  adhesion  was  inhibited  by  addition  of  excess  exogenous 
hyaluronan,  and  by  hyaluronidase  digestion  of  pericellular  HA, 
found  assembled  specifically  on  PC3  and  PC3M-LN4  cells. 
Presence  of  pericellular  HA  was  correlated  with  elevated  levels 
of  HA  synthesis  and  expression  of  HA  synthase.  Our  data 
relate  HA  synthase  overexpression  to  metastatic  potential  of 
prostate  tumor  cells  and  represent  the  first  report  of  such  a 
correlation.  Collectively,  our  results  implicate  tumor  cell-asso¬ 
ciated  HA  and  up-regulation  of  HA  synthase  in  prostate  cancer 
progression  and  may  directly  impact  metastatic  potential  or 
preferential  tissue  colonization  of  individual  tumor  cells. 

EXPERIMENTAL  PROCEDURES 

Cell  Culture  and  Reagents — PC3,  DU- 145,  and  LNCaP  human  pros¬ 
tate  adenocarcinoma  cell  lines  were  purchased  from  ATCC  (Manassas, 
VA).  PC3  and  DU145  cells  were  maintained  in  MEM  supplemented 
with  10%  FBS,  1  mM  sodium  pyruvate  and  non-essential  amino  acids. 
LNCaP  cells  were  cultured  in  RPMI  containing  10%  FBS.  The  PC 3 
derivative  cell  line,  PC3M-LN4,  was  kindly  provided  by  Dr.  Isaiah  J. 
Fidler  (M.  D.  Anderson  Hospital  Cancer  Center,  Houston,  TX),  and  was 
maintained  in  the  media  described  above  for  PC3  cells.  Prostate  carci¬ 
noma  cells  were  plated  2  days  prior  to  experiments  and  used  at  —70% 
confluence.  The  BMEC-1  human  bone  marrow  endothelial  cell  line  was 
a  gift  from  Dr.  S.  Rafii  (Cornell  University  Medical  Center,  New  York, 
NY)  and  were  maintained  in  M199  containing  20%  FBS  (30).  trHBMEC 
human  bone  marrow  endothelial  cells  were  a  gift  from  Dr.  Karin 
Schweitzer  (Free  University  Hospital  Amsterdam,  The  Netherlands) 
and  were  maintained  in  RPMI  containing  10%  FBS  (11).  HUVEC  were 
purchased  from  Clonetics  and  cultured  in  endothelial  cell  growth  me¬ 
dium,  EGM-2,  as  recommended  by  the  vendor.  Human  bone  marrow 
stromal  cells  (31)  were  cultured  and  generously  provided  by  Nisha  Shah 
and  Dr.  Tucker  LeBien  (University  of  Minnesota,  Minneapolis,  MN). 
Aggrecan  was  prepared  as  previously  described  (32)  from  Swarm  rat 
chondrosarcoma. 

Cell  Adhesion  Assay — Subconfluent  prostate  carcinoma  cells  were 
PBS-EDTA-released,  washed  with  adhesion  medium  (RPMI  with  0.1% 
BSA  and  20  mM  Hepes,  pH  7.4,  maintained  throughout  the  assay  at 
37  °C),  and  resuspended  at  1  x  106  cells/ml  in  adhesion  medium.  Cells 
were  incubated  with  25  pg/ml  calcein-AM  (Molecular  Probes,  Eugene, 
OR),  a  compound  that  is  converted  to  a  fluorophore  only  upon  uptake 
and  metabolism  by  living  cells,  for  20  min,  washed  with  adhesion 
medium,  and  resuspended  at  1  X  10B  cells/ml.  BMEC-1  or  HUVEC  were 
seeded  100%  confluent  (about  40,000  cells/well)  in  48-well  plates  for  2 
days  and  washed  twice  with  adhesion  medium  prior  to  the  assay. 
trHBMEC  were  similarly  prepared,  but  seeded  only  overnight  prior  to 
the  assay.  Prostate  carcinoma  cells  (300  pl/well)  were  added  to  the 
confluent  endothelial  cell  monolayers  and  incubated  for  12  min  at  37  °C 
unless  otherwise  indicated.  Non-adherent  cells  were  removed  with  two 
gentle  washes  of  adhesion  medium.  Viability  of  non-adherent  cells  was 
verified  by  trypan  blue  exclusion.  Adherent  cells  were  solubilized  with 
PBS  containing  0.2  n  NaOH/1%  SDS  and  quantified  in  a  Cytofluor  II 
fluorescence  plate  reader  at  485/530  nm  (Biosearch  Inc.,  Bedford,  MA). 

Inhibition  of  Cell  Adhesion — Calcein- AM-labeled  prostate  carcinoma 
cell  suspensions,  at  5  X  10”  cells/ml,  were  preincubated  with  16 
units/ml  Streptomyces  hyaluronidase  (HAase,  Calbiochem,  San  Diego, 
CA)  for  25  min  and  diluted  to  1  X  10”  cells/ml  with  adhesion  medium 
prior  to  the  assay.  BMEC-1  monolayers  were  pretreated  with  16 
units/ml  HAase  in  adhesion  medium  for  25  min  where  indicated.  In  the 
case  of  determining  the  cell  type  retaining  Burface  HA,  the  HAase  was 
removed  Sum  each  cell  type  before  the  assay.  In  the  other  experiments, 
the  HAase  was  present  throughout  the  assay. 

To  determine  the  effect  of  exogenous  HA  on  intercellular  adhesion, 


trHBMEC  were  seeded  at  100%  confluence  overnight  in  48-wetI  tissue 
culture  plates.  Prior  to  the  assay,  the  cell  monolayers  were  washed 
twice  in  adhesion  medium  and  preincubated  for  30  min  in  100  pi  of 
adhesion  medium  containing  the  indicated  concentrations  of  high  mo¬ 
lecular  weight  human  umbilical  cord  HA  (Sigma  H1751).  Prostate  car¬ 
cinoma  cells  were  labeled  and  pretreated  in  the  absence  or  presence  of 
HAase  as  described  above.  Labeled  cells  were  then  washed,  resus¬ 
pended  in  adhesion  medium  containing  the  appropriate  concentration 
of  HA,  and  immediately  added  to  the  endothelial  cell  monolayers 
(30,000  cells/well). 

Particle  Exclusion  Assay — Pericellular  HA  matrices  were  visualized 
as  described  previously  (33).  Briefly,  prostate  carcinoma  cells  cultured 
in  48-well  plates  overnight  prior  to  the  assay  were  treated  for  25  min  in 
the  absence  or  presence  of  16  units/ml  Streptomyces  hyaluronidase  in 
phenol  red-free  MEM  with  0.1%  BSA  at  37  °C.  This  medium  was  re¬ 
moved  and  cells  were  incubated  90  min  with  2  mg/ml  aggrecan  in 
MEM/0.1%  BSA  at  37  °C.  The  aggrecan  solution  was  removed  and  1  X 
10s  glutaraldehyde-fixed  sheep  red  blood  cells  (Accurate  Chemical  and 
Scientific  Corp.)  in  PBS/1%  BSA  were  added,  allowed  to  settle  for  15 
min  and  then  viewed  with  phase-contrast  microscopy.  The  HA  matrix 
was  evidenced  by  halos  surrounding  the  cells  from  which  the  fixed 
erythrocytes  were  excluded.  Representative  cells  were  photographed  at 
400X  magnification.  To  quantify  matrix  retention,  outlines  of  matrices 
and  cellular  boundaries  from  20  individual  cells  of  each  type  were 
traced  and  relative  areas  calculated  using  IMAGE  software  (National 
Institutes  of  Health).  Relative  matrix  areas  from  similar  tracings  of 
each  cell  type  following  HAase  digestion  were  subtracted,  and  HA 
matrix  thickness  was  reported  as  the  ratio  of  matrix  area  to  cell  area  for 
each  cell  type.  A  ratio  of  1  indicates  complete  absence  of  pericellular 
clearing. 

HA  Synthesis  Quantitation — The  concentration  of  HA  in  cell  culture 
supernatants  was  determined  in  a  competitive  binding  assay  (34).  96- 
well  Immulon  microtiter  plates  were  coated  with  human  umbilical  cord 
HA  at  25  pg/ml  in  200  mM  carbonate  buffer  (pH  9.6)  for  4  h  at  37  °C. 
Excess  HA  was  removed  with  four  washes  of  PBS/0.05%  Tween  20. 
Prostate  carcinoma  cells  (5000/well)  were  plated  overnight  in  12-well 
plates.  24-h  conditioned  culture  media  were  harvested,  and  cell  counts 
were  determined  by  trypsin  release  and  manual  counting  in  a  hemacy¬ 
tometer.  Serial  dilutions  of  cell  culture  supernatant  (100  pi  of  total 
volume  in  PBS/Tween  20)  were  combined  with  100  pi  of  a  1  pg/ml 
solution  of  biotinylated  hyaluronic  acid-binding  protein  (Seikagaku) 
and  incubated  in  the  HA-precoated  wells  at  room  temperature  over¬ 
night.  The  plate  was  washed  4X  with  PBS/Tween  20,  developed  using 
an  avid  in-biotin  HRP  system  (Vector  Laboratories  ABC-HRP  kit  PK- 
4000)  with  OPD  (Sigma  P8287)  as  substrate,  and  read  at  490  nm.  HA 
concentration  was  interpolated  from  a  standard  curve  generated  by 
plotting  HA  standards  against  absorbance  values.  The  mean  HA  con¬ 
centration  for  each  sample  of  culture  supernatant  was  calculated,  and 
the  results  were  normalized  to  cell  number.  Data  are  presented  as  mass 
of  HA  (in  pg)  per  10s  cells. 

Determination  of  HA  Synthase  Expression — HA  synthase  isoform 
and  relative  level  of  expression  in  prostate  carcinoma  cell  lines  was 
semi-quantitatively  assayed  by  RT-PCR.  Poly(A)+  RNA  was  isolated 
from  subconfluent  PC3M-LN4,  PC3,  DU145,  and  LNCaP  cell  lines  with 
the  Oligotex  mRNA  isolation  kit  (Qiagen)  and  quantitated  by  Ribogreen 
fluorescence  (Molecular  Probes).  Normal  prostate  poly(A)+  RNA  was 
purchased  from  CLONTECH.  25  ng  of  each  mRNA  template  was  re¬ 
verse-transcribed  with  an  oligo(dT)  primer  using  the  Superscript  II  first 
strand  cDNA  synthesis  kit  (Life  Technologies,  Inc.).  PCR  oligonucleo¬ 
tides  specific  for  Hasl,  Has2,  and  Has3  messages  were  designed  from 
the  sequence  data  base;  exact  sequences  are  given  in  Table  I  along  with 
relative  positions  in  the  reported  sequences  and  expected  product  sizes. 
Glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  was  amplified 
with  each  reaction  to  standardize  conditions  using  oligos  available  from 
Life  Technologies.  Cycling  conditions  for  Has2  and  Has3  were  opti¬ 
mized  independently  as  follows:  1-min  initial  denaturation  at  95  °C;  33 
cycles  (Has2)  or  27  cycles  (Has3)  of  30-s  denaturation,  30-s  annealing  at 
60  °C,  and  30-8  polymerization  at  72  ®C;  5-min  final  extension  at  72  °C. 
15  pi  of  each  reaction  was  electrophoresed  on  a  3%  agarose  gel,  stained 
with  ethidium  bromide,  and  digitally  photographed.  To  determine  rel¬ 
ative  expression  levels,  digital  images  were  integrated  using  Molecular 
Analyst  software,  and  band  intensities  were  normalized  to  the  corre¬ 
sponding  GAPDH  band.  Levels  are  reported  as  the  fold  expression 
relative  to  that  determined  for  normal  prostate. 
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Table  I 

RT-PCR  primers 


Oligo  sequences 

Sequence 

position 

Product 

length 

bp 

HAS  1 

Forward 

5' 

CTGAGGATCCGTCTGTGACTCGGAC  3' 

737 

246 

Reverse 

5' 

GACTAAGCTTCTAGAGGACCGCTG  3' 

963 

HAS  2 

Forward 

5' 

GTATCAGTTTGGTTTACAATC  3' 

1441 

207 

Reverse 

5' 

GCACCATGTCATATTGTTGTC  3' 

1648 

HAS  3 

Forward 

5' 

GTGCAGTGT ATTAGTGGGCC CT  3' 

839 

414 

Reverse 

5' 

GCTGCACCGTCAGCAGGAAGAGG  3' 

1253 

GAPDH 

Forward 

5' 

TGAAGGTCGGAGTCAACGGATTTGGT  3' 

44 

982 

Reverse 

5' 

CATGTGGGCCATGAGGTCCACCAC  3' 

1026 

RESULTS 

PC3M-LN4  Cells  Adhere  Rapidly  and  Specifically  to 
BMEC-1  Bone  Marrow  Endothelial  Cells — Prostate  adenocar¬ 
cinoma  cells  have  been  reported  to  adhere  preferentially  to 
bone  marrow-derived  microvascular  endothelial  cells  relative 
to  endothelial  cells  from  a  large  vein  source  (HUVEC).  This 
preference  implies  a  specific  intercellular  recognition  process 
dictated  in  part  by  heterogeneous  expression  of  endothelial  cell 
surface  adhesion  receptors.  To  investigate  the  molecular  inter¬ 
actions  underlying  this  process,  we  initially  chose  PC3M-LN4, 
a  human  prostate  adenocarcinoma  cell  line  derived  from  PC3 
cells.  This  subline  was  clonally  selected  for  enhanced  meta¬ 
static  propensity  in  mice  and,  in  particular,  was  shown  to  be 
capable  of  metastasis  to  bone  upon  intracardial  injection  (35). 
We  determined  a  time  course  for  adhesion  of  PC3M-LN4  cells 
to  BMEC-1  bone  marrow  endothelial  cells  and  compared  it  with 
adhesion  to  HUVEC.  Within  10  min,  70%  of  the  cells  were 
adherent  on  BMEC-1  relative  to  16%  on  HUVEC  (Fig.  1).  After 
30  min,  nearly  100%  of  the  cells  adhered  to  BMEC-1  compared 
with  only  25%  on  HUVEC.  PC3M-LN4  cells,  therefore,  demon¬ 
strate  preferential  rapid  adhesion  to  BMEC-1  bone  marrow 
microvascular  endothelial  cells. 

Hyaluronan  Presented  by  the  Prostate  Carcinoma  Cells  Me¬ 
diates  Adhesion  to  BMEC-1 — Several  surface-borne  adhesion 
molecules  have  been  implicated  in  homing  of  circulating  cells  to 
the  bone  marrow,  including  VLA-4  (a40x  integrin),  LFA-1  (aL/32 
integrin),  CD44  proteoglycan,  and  the  high  molecular  weight 
glycosaminoglycan  hyaluronan  (HA).  Pretreatment  of  PC3M- 
LN4  cells  with  blocking  antibodies  directed  against  a4 ,  plf  aL, 
or  02  integrin  subunits,  or  against  CD44,  had  no  effect  on 
adhesion  of  these  cells  to  BMEC-1  (data  not  shown).  To  assess 
the  relevance  of  HA  to  prostate  carcinoma  cell  adhesion,  we 
pretreated  PC3M-LN4  or  BMEC-1  cells  individually  or  simul¬ 
taneously  with  hyaluronidase  (HAase)  enzyme  and  assayed 
initial  rapid  adhesion  at  a  12-min  time  point.  As  above,  —70% 
of  PC3M-LN4  cells  were  adherent  at  this  time  point  in  the 
absence  of  enzymatic  digestion  (Fig.  2).  Pretreatment  of 
BMEC-1  cells  with  HAase  had  no  effect  on  this  adhesion.  How¬ 
ever,  treatment  of  PC3M-LN4  or  both  cell  types  reduced  adhe¬ 
sion  to  about  35%,  indicating  that  cell  surface  HA  promotes  this 
rapid  intercellular  interaction.  Furthermore,  the  HA  required 
for  maximum  adhesion  is  carried  by  the  prostate  carcinoma 
cells. 

HA-mediated  Adhesion  of  Prostate  Carcinoma  Cells  Is  Spe¬ 
cific  for  Bone  Marrow -derived  Endothelial  Cells — Because  en¬ 
dothelial  cell  types  of  different  origin  exhibit  differences  in  HA 
binding  (36),  we  assayed  the  specificity  of  hyaluronidase-sen- 
sitive  prostate  tumor  cell  adhesion  to  endothelial  cells.  PC3M- 
LN4  cells  were  preincubated  in  the  absence  or  presence  of 


Adhesion  Time  (minutes) 


Fig.  1.  Time  course  for  adhesion  of  PC3M-LN4  prostate  carci¬ 
noma  cells  to  BMEC-1  and  HUVEC.  Calcein-AM-Iabeled  PC3M-LN4 
cells  were  added  in  a  single  cell  suspension  to  confluent  BMEC-1  ( closed 
symbols )  or  HUVEC  (< open  symbols )  monolayers  in  a  48-well  plate.  At 
the  indicated  times,  wells  were  washed  to  remove  nonadherent  cells, 
and  adherent  cells  were  lysed  and  quantified  in  a  fluorescence  plate 
reader.  Results  are  presented  as  the  mean  percentage  of  input  cells 
from  triplicate  wells  ±  standard  error  of  the  mean  (S.E.). 


Fig.  2.  HA  on  the  PC3M-LN4  cells  is  required  for  adhesion  to 
BMEOl.  BMEC-1  monolayers  and/or  calcein- AM-labeled  PC3M-LN4 
cell  suspensions  were  treated  where  indicated  with  16  units/ml  hyalu¬ 
ronidase  for  25  min.  The  hyaluronidase  was  removed,  and  the  PC3M- 
LN4  cells  were  added  to  the  BMEC-1  for  12  min  at  37  °C.  Nonadherent 
cells  were  removed  by  washing,  and  adherent  cells  were  quantified  in  a 
fluorescence  plate  reader.  Each  bar  represents  the  mean  of  triplicate 
wells  assayed  ±  S.E.,  reported  as  percentage  of  input  cells. 

hyaluronidase  and  allowed  to  adhere  to  BMEC-1,  HUVEC,  or 
bone  marrow-derived  stromal  cells  (BMSC).  Consistent  with 
the  above  results,  PC3M-LN4  cells  adhered  rapidly  to  BMEC-1 
and  adhesion  was  inhibited  by  50%  in  the  presence  of  HAase 
(Fig.  3).  Cells  adhered  weakly  to  HUVEC,  and  adhesion  was 
not  inhibited  by  enzyme  treatment.  Although  adhesion  of 
PC3M-LN4  cells  to  BMSC  was  efficient  and  rapid,  it  was  not 
inhibited  by  HAase  digestion,  suggesting  cell  surface  HA  was 
not  mediating  this  adhesion.  Collectively,  these  results  imply 
that  heterogeneous  expression  of  HA  receptors  among  endothe- 
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Fig.  3.  Enzymatic  removal  of  HA  inhibits  PC3M-LN4  adhesion 
to  BMEC-1  but  not  HUVEC  or  BMSC.  Calcein -AM -labeled  PC3M- 
LN4  suspensions  were  pretreated  for  25  min  at  37  °C  in  the  absence 
(solid  bars)  or  presence  ( open  bars)  of  16  units/ml  Streptomyces  hyalu- 
ronidase.  The  cells  were  diluted  5-fold  with  adhesion  medium  and 
added  to  BMEC-1,  HUVEC,  or  BMSC  monolayers  in  a  48-well  plate  for 
12  min  at  37  °C.  Nonadherent  cells  were  removed  by  washing,  and 
adherent  cells  were  lysed  and  quantified  in  a  fluorescence  plate  reader. 
Each  bar  represents  the  mean  ±  S.E.  of  quadruplicate  wells  assayed, 
reported  as  percentage  of  input  cells.  Each  assay  was  repeated  three 
times. 


lial  cell  types  may  dictate  specific  recognition  of  prostate  car¬ 
cinoma  cells,  although  different  molecules  may  dominate  their 
interactions  with  other  bone  marrow-derived  cells. 

Rapid ,  Specific  Prostate  Carcinoma  Cell  Adhesion  to  Bone 
Marrow  Endothelial  Cells  Is  Differentially  Sensitive  to  Hyalu- 
ronidase  and  Exogenous  Hyaluronan — To  examine  whether 
HA  would  generally  promote  adhesion  of  prostate  carcinoma 
cell  lines  to  bone  marrow  endothelial  cells,  we  measured 
HAase-sensitive  BMEC-1  adhesion  of  the  commercially  avail¬ 
able  cell  lines  PC3,  DU145,  and  LNCaP.  As  demonstrated 
above  with  PC3M-LN4  cells,  about  60-70%  of  PC3  cells  ad¬ 
hered  to  BMEC-1  monolayers  and  adhesion  was  inhibited  40- 
60%  by  HAase  treatment  (Fig.  4A).  In  contrast,  DU145  and 
LNCaP  cells  adhered  very  poorly  (about  25%),  and  the  low  level 
of  adhesion  was  not  altered  by  HAase  treatment.  None  of  the 
cell  lines  adhered  well  to  HUVEC,  and  adhesion  to  HUVEC 
was  not  sensitive  to  HAase  (Fig.  4A,  inset).  These  results  were 
replicated  in  similar  experiments  using  another  human  bone 
marrow  endothelial  cell  line,  trHBMEC.  As  presented  in  Fig. 
4B,  PC3  and  PC3M-LN4  cells  exhibited  comparable  levels  of 
HAase-sensitive  adhesion  to  trHBMEC,  whereas  very  few 
DU145  or  LNCaP  cells  were  adherent,  and  their  adhesion  was 
unaffected  by  HAase  treatment.  HA,  therefore,  is  required  for 
maximal  rapid  interaction  between  prostate  carcinoma  cells 
and  bone  marrow  endothelial  cells. 

To  further  establish  the  requirement  for  direct  HA  recogni¬ 
tion  by  the  BMEC  as  a  component  of  preferential  adhesion  to 
prostate  carcinoma  cells,  we  pretreated  trHBMEC  monolayers 
with  increasing  concentrations  of  exogenous  high  molecular 
weight  HA.  PC3M-LN4  cells  were  incubated  with  or  without 
HAase,  which  was  then  removed.  Cells  were  resuspended  in 
the  respective  concentrations  of  HA  and  added  to  the  BMEC. 
As  before,  about  80%  of  the  cells  were  adherent  after  12  min, 
and  adhesion  was  reduced  to  35%  by  HAase  digestion  (Fig.  5). 
Preincubation  of  the  BMEC  with  10  /ig/ml  of  HA  modestly 
increased  adhesion  of  untreated  cells,  but  rather  strikingly 
increased  adhesion  of  HAase-treated  cells  to  about  60%.  How¬ 
ever,  a  dose-dependent  inhibition  was  observed  at  higher  con¬ 
centrations,  with  adhesion  almost  completely  inhibited  at  500 
pg/ml  HA.  This  effect  was  more  greatly  manifested  in  HAase- 
treated  cells,  suggesting  the  residual  adhesion  observed  for 
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Fio.  4.  Adhesion  of  prostate  carcinoma  cell  lines  to  bone  mar¬ 
row  endothelial  cells  is  differentially  HA  dependent.  PC3, 
DU145,  LNCaP  (A  and  B),  and  PC3M-LN4  (B)  cell  suspensions  were 
calcein- AM-labeled,  pretreated  in  the  absence  ( solid  bars)  or  presence 
(open  bars )  of  16  units/ml  Streptomyces  hyaluronidase.  Cells  were  then 
diluted  in  adhesion  medium  and  added  to  confluent  washed  monolayers 
of  BMEC-1  (A),  HUVEC  ( panel  A,  inset  graph),  or  trHBMEC  (B)  in  a 
48-well  plate  for  12  min  at  37  °C.  Nonadherent  cells  were  removed  by 
washing,  and  adherent  cells  were  lysed  and  quantified  in  a  fluorescence 
plate  reader.  Each  bar  represents  the  mean  ±  S.E.  of  quadruplicate 
wells  assayed,  reported  as  a  percentage  of  input  cells  determined  sep¬ 
arately  for  each  cell  type.  Each  assay  was  repeated  three  times. 

these  cells  may  be  due  to  incompletely  digested  HA  or  HA 
resynthesis  during  the  time  of  the  assay.  When  DU145  cells 
were  similarly  incubated  with  pretreated  trHBMEC  (Fig.  5, 
inset  graph),  no  effect  of  exogenous  HA  was  observed.  This 
confirms  that  the  inhibitory  effect  of  HA  is  not  occurring  indi¬ 
rectly  by  destabilizing  the  BMEC  monolayer,  and  that  other 
receptor  interactions  are  promoting  the  less  rapid  adhesion  of 
DU145  cells  to  BMEC. 

Prostate  Carcinoma  Cell  Surface  HA  Retention  Correlates  to 
BMEC  Adhesion — If  HA  was  mediating  the  differential  BMEC 
adhesion  observed  among  the  various  prostate  carcinoma  cell 
lines,  then  these  differences  should  be  manifested  in  varied 
levels  of  HA  retained  on  the  surface  of  prostate  carcinoma  cells. 
Therefore,  we  used  a  particle  exclusion  assay  to  visualize  the 
cell  surface  HA.  In  these  experiments,  surface-associated  HA 
was  first  amplified  by  addition  of  aggrecan,  a  large  multivalent 
proteoglycan  that  specifically  associates  with  HA  at  the  cell 
surface,  surrounding  the  cell  with  a  highly  hydrated  gel-like 
envelope.  HA  is  thereby  detected  as  a  pericellular  clear  zone 
upon  addition  of  fixed  red  blood  cells,  which  cannot  settle 
directly  at  the  cell  surface.  Cells  that  lack  HA  do  not  exhibit 
these  cleared  halos,  and  the  blood  cell  particles  contact  the  cell 
perimeter.  PC3M-LN4  cells  were  surrounded  by  a  large  matrix 
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Fig.  5.  Effect  of  exogenous  hyaiuronan  addition  on  PC3M-LN4 
adhesion  to  trHBMEC.  Calcein-AM-labeled  PC3M-LN4  suspensions 
or  DU  145  suspensions  {inset  graph)  were  pretreated  for  25  min  at  37  °C 
in  the  absence  ( solid  bars )  or  presence  {open  bars )  of  16  units/ml  Strep- 
tomyces  hyaluronidase.  Cells  were  then  washed  and  resuspended  in  the 
indicated  concentrations  of  hyaiuronan  and  added  to  confluent  mono- 
layers  of  trHBMEC  cells  preincubated  for  30  min  in  the  same  hyaiuro¬ 
nan  concentrations.  Nonadherent  cells  were  removed  after  incubation 
for  12  min  at  37  °C  and  remaining  adherent  cells  were  lysed  and 
quantified  by  fluorescence  plate  reader.  Each  bar  represents  the 
mean  ±  S.E.  of  quadruplicate  wells  assayed,  reported  as  a  percentage  of 
input  cells  determined  separately  for  each  cell  type. 


Fig.  6.  Visualization  of  prostate  carcinoma  cell  surface  HA. 

Subconfluent  PC3M-LN4  (A),  FC3  (B),  DU145  (O,  or  LNCaP  (D)  cells 
were  incubated  with  2  mg/ml  aggrecan  for  90  min,  followed  by  addition 
of  1  X  10s  fixed  red  blood  cells  and  incubation  at  37  °C  for  15  min. 
HA-aggrecan  coats  evidenced  by  halos  surrounding  the  cells  were  pho¬ 
tographed  at  400X  magnification.  Hyaluronidase  treatment  eliminated 
the  pericellular  matrices  of  PC3M-LN4  {panel  A  inset)  and  PC3  ( panel 
B  inset )  cells,  verifying  their  HA  composition. 

(Fig.  6A)  that  disappeared  quantitatively  after  HAase  treat¬ 
ment  (Fig.  6A,  inset).  Similarly,  PC3  cell  surfaces  bore  a  matrix 
(Fig.  6 B)  that  was  removed  by  HAase  treatment  (Fig.  6B,  inset). 
In  contrast,  neither  DU145  cells  nor  LNCaP  cells  retained  HA 
on  the  cell  surface  (Fig.  6,  C  and  D).  Average  ratios  of  matrix 
area  with  respect  to  cell  area,  obtained  by  integrating  individ¬ 
ual  tracings  of  each  cell  type  (Table  II),  were  1:1  for  DU  145  and 
LNCaP  and  2:1  for  PC3  and  PC3M-LN4.  Presence  of  cell  sur¬ 
face  HA,  therefore,  correlated  with  rapid,  specific  adhesion  to 
BMEC.  Conversely,  its  absence  corresponded  to  weak 
adhesion. 

Prostate  Carcinoma  Cell  HA  Synthesis  Correlates  to  Presence 
of  a  Pericellular  HA  Matrix  and  Adhesion  to  BMEC — Elevated 


levels  of  HA  have  been  reported  to  correlate  with  progression  of 
several  tumor  types,  including  prostate.  Furthermore,  high 
levels  of  HA  synthesis  are  necessary  and  sufficient  for  produc¬ 
tion  of  a  pericellular  HA  coat.  To  address  the  possibility  that 
the  prostate  carcinoma  cells  used  in  our  study  could  be  synthe¬ 
sizing  large  amounts  of  HA  but  differentially  retaining  it  at  the 
cell  surface,  we  quantitated  the  HA  synthesized  by  each  cell 
line.  HA  synthesis  occurs  at  the  plasma  membrane,  concurrent 
with  extrusion  of  HA  from  the  cell,  such  that  the  majority  of 
cellular  HA  is  shed  into  the  culture  medium.  Overnight  culture 
media  from  each  cell  type  were  accordingly  analyzed  for  HA 
content  by  a  competitive  binding  assay  and  HA  level  was  nor¬ 
malized  to  cell  count  (Fig.  7).  PC3  and  PC3M-LN4  cell  culture 
supernatants  were  found  to  contain  high  levels  of  HA  (~5  and 
6  /Ltg/106  cells,  respectively.  Table  II)  whereas  DU145  culture 
medium  had  very  little  (1  p.g/106  cells),  and  levels  in  LNCaP 
culture  were  virtually  undetectable.  These  results  are  consist¬ 
ent  with  high  levels  of  HA  synthesis  contributing  to  cell  surface 
HA  retention,  promoting  adhesion  to  bone  marrow  endothelial 
cells. 

Elevated  Levels  of  HA  Synthase  Expression  by  Prostate  Car¬ 
cinoma  Cells  Correlate  to  HA  Production  and  Adhesion  to 
BMEC — HA  synthesis  is  catalyzed  by  one  or  more  isoforms  of 
three  homologous  HA  synthase  enzymes:  Hasl,  Has2,  and 
Has3.  We  used  RT-PCR  to  determine  initially  which  isoform(s) 
were  expressed  by  each  prostate  carcinoma  cell  line,  in  an 
attempt  to  correlate  elevated  HA  synthesis  and  BMEC  adhe¬ 
sion  with  presence  of  a  specific  message.  We  were  unable  to 
detect  Hasl  message  in  any  cell  line  using  any  set  of  oligonu¬ 
cleotide  primers,  although  we  could  amplify  a  product  from  a 
Hasl  cDNA  control  plasmid  (data  not  shown).  However,  ex¬ 
pression  of  Has2  and  Has3  was  detectable  in  most  of  the  cell 
lines.  Because  the  presence  or  absence  of  message  for  a  partic¬ 
ular  isoform  did  not  appear  to  correlate  with  either  HA  matrix 
formation  or  BMEC  adhesion,  we  developed  a  semi-quantita- 
tive  approach  to  look  at  relative  message  levels.  Equal  amounts 
of  input  mRNA  from  normal  prostate  (CLONTECH)  and  each 
of  the  prostate  carcinoma  cell  lines  were  reverse-transcribed 
and  used  as  templates  for  PCR  amplification  of  Has 2  (Fig.  8A, 
lanes  8-14)  or  Has3  (Fig.  8B,  lanes  8-14),  concurrent  with  a 
GAPDH  housekeeping  control  message  (Fig.  8,  lanes  2-6). 
Product  yields  were  normalized  to  GAPDH  and  presented  as 
fold  expression  relative  to  normal  prostate  in  Table  II. 

Results  of  this  assay  showed  that  PC3  {lanes  4  and  10)  and 
PC3M-LN4  cells  ( lanes  3  and  9)  expressed  higher  levels  of  both 
Has2  and  Has3  than  DU145  ( lanes  5  and  11),  or  LNCaP  {lanes 
6  and  12),  consistent  with  higher  levels  of  HA  synthesis  and 
rapid  adhesion  to  BMEC  by  those  cell  lines.  Has2  was  virtually 
absent  in  DU145  cells  and  undetectable  in  normal  prostate 
{lanes  2  and  8)  or  LNCaP  cells.  Has3  expression  was  dramat¬ 
ically  increased  in  the  most  highly  metastatic  line,  PC3M-LN4, 
followed  by  PC3  and  DU145.  Has3  expression  was  very  low  in 
normal  prostate  or  LNCaP  cells.  Although  DU145  cells  ap¬ 
peared  to  express  significant  levels  of  Has3,  this  cell  line  was 
found  to  be  a  heterogeneous  population  in  which  about  2-10% 
carry  surface  associated  HA  (in  contrast  to  PC3  and  PC3M- 
LN4,  in  which  >99%  of  the  cells  carry  abundant  surface  HA). 
This  was  visualized  by  phase  contrast  microscopy  at  the  level  of 
individual  cells  using  biotinylated  HA  binding  protein,  followed 
by  streptavidin-HRP  detection  with  diaminobenzidine  precipi¬ 
tation  (data  not  shown).  The  apparent  Has3  cDNA  level  ampli¬ 
fied  from  this  cell  line  may  be  anomalously  high  due  to  those 
specific  cells  and  not  representative  of  the  overall  phenotype  of 
the  cell  line,  which  probably  expresses  lower  message  levels. 
Collectively,  these  results  demonstrate  that  HA  synthesis  cor¬ 
relates  very  well  to  HA  synthase  expression  level,  which  in 
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Table  II 

Elevated  HA  synthase  expression  correlates  to  prostate  carcinoma  cell  surface  HA,  adhesion  to  BMEC-1 ,  and  previously  reported  metastatic 

potential 

PC3M-LN4  PC3  DU  145  LNCaP 


HA  coat° 

HA  synthesis* 

HAS  expression* 
Has2 
Has3 

BMEC  adhesion* 
Metastatic  potential* 


1.94  ±  0.03  1.89  ±  0.04  1.02  ±  0.02  1.01  ±  0.01 

6.38  ±  1.01  4.74  ±  0.61  1.19  ±  0.41  0.64  ±  0.21 

2  6  0.2  0.1 

20  17  10  0.5 

71  ±2  65  ±  8  24  ±  2  26  ±3 

High  High  Moderate  Low/none 


a  Pericellular  dear  zones  and  cell  perimeters  of  20  individual  cells  were  traced  in  NIH  IMAGE,  the  relative  ratio  was  calculated,  and  the 
corresponding  ratio  for  HAase  treated  cells  was  subtracted.  A  value  of  1  denotes  a  cell  completely  lacking  pericellular  matrix. 

6  Values  presented  are  those  plotted  in  Fig.  7  (in  microgramB  per  106  cells). 


*  Derived  from  Fig.  8.  Data  are  Bhown  as  -fold  expression  relative  to  levels  in  normal  prostate,  normalized  to  GAPDH. 

d  Presented  as  percentage  of  input  cells.  The  value  for  PC3M-LN4  cells  iB  extracted  from  Fig.  2,  and  the  other  values  from  Fig.  4A. 

*  Cited  in  “Discussion* 


PC3M-LN4  PC3  DU145  LNCaP 


Fig.  7.  HA  synthesis  and  secretion  by  prostate  carcinoma  cells 
in  culture.  Equal  numbers  of  prostate  carcinoma  cells  were  seeded 
overnight  then  given  fresh  culture  medium.  After  an  additional  24  h, 
supernatants  were  harvested  and  cells  were  trypsin-released  and 
counted.  HA-containing  culture  media  were  serially  diluted,  incubated 
with  biotinylated  HA  binding  protein,  and  applied  to  HA-coated  plates. 
Bound  HA  binding  protein  was  detected,  following  extensive  washes, 
with  streptavidin-HRP  conjugate  and  OPD  substrate,  and  quantified 
spectrophoto metrically.  Total  HA  in  the  culture  media  was  determined 
by  interpolation  from  a  concurrent  HA  standard  curve  and  plotted 
relative  to  cell  number  in  the  original  culture. 


Fig.  8.  HA  synthase  expression  in  prostate  adenocarcinoma 
cell  lines.  HA  synthase  isoform  and  level  of  expression  was  determined 
for  each  of  the  four  prostate  carcinoma  cell  lines  PC3M-LN4,  PC3, 
DU145,  and  LNCaP,  and  for  normal  prostate,  by  RT-PCR  as  described 
under  "Experimental  Procedures.”  A,  RT-PCR  amplification  of  Has2 
and  GAPDH  control  messages;  B,  Has3  and  GAPDH.  Anticipated  prod¬ 
uct  sizes  (in  base  pairs)  are  indicated  adjacent  to  the  figure:  Has2  is 
~210  bp,  Has3  is  ~410  bp,  and  GAPDH  is  —980  bp.  Lanes  are  num¬ 
bered  as  follows:  lanes  1  and  7,  100-base  pair  DNA  ladder;  lanes  2  and 
8,  normal  prostate;  lanes  3  and  9,  PC3M-LN4;  lanes  4  and  10,  PC3; 
lanes  5  and  11,  DU145;  lanes  6  and  12,  LNCaP;  lane  13,  Has2  control 
plasmid;  lane  14,  Has3  control  plasmid. 


turn  may  dictate  adhesion  to  bone  marrow  endothelial  cells. 
Furthermore,  it  is  clear  that  HA  synthesis  and  HA  synthase 
expression  are  dramatically  up-regulated  in  aggressive  pros¬ 
tate  adenocarcinoma  cells,  with  overall  HA  production  and 
HAS  expression  levels  correlating  directly  to  metastatic 
potential. 


DISCUSSION 

Bone  metastasis  is  an  eventuality  of  advanced  stage  prostate 
cancer  that  results  in  severely  reduced  quality  of  life  and  ulti¬ 
mate  morbidity.  Metastasis  is  preceded  by  initial  adhesion  of 
circulating  tumor  cells  to  endothelial  cells  lining  the  vascula¬ 
ture  of  the  secondary  site.  Because  prostate  carcinoma  metas¬ 
tasizes  to  bone,  we  modeled  this  initial  event  using  prostate 
carcinoma  cell  lines  and  the  transformed  bone  marrow  sinus¬ 
oidal  endothelial  cell  lines,  trHBMEC  and  BMEC-1.  In  this 
study  we  demonstrate  that  highly  metastatic  prostate  carci¬ 
noma  cells  adhere  to  bone  marrow  endothelial  cells  through 
pericellular  hyaluronan  (HA).  Unlike  reports  of  other  model 
system  interactions  requiring  this  molecule,  we  find  that  the 
prostate  carcinoma  cells  present  the  HA  recognized  by  the 
BMEC.  The  HA-mediated  adhesion  shows  endothelial  source 
specificity,  because  PC3M-LN4  cells  do  not  adhere  rapidly  to 
HUVEC,  another  endothelial  cell  type.  Furthermore,  HA-me¬ 
diated  adhesion  exhibits  specificity  among  bone-derived  cell 
types:  Although  adhesion  of  PC3M-LN4  cells  to  bone  marrow 
stromal  cells  is  rapid,  HA  does  not  appear  to  be  involved, 
suggesting  other  receptor  interactions  contribute  to  this  proc¬ 
ess.  Up-regulation  of  HA  synthase  in  prostate  tumor  cells  may 
promote  bone  marrow  metastasis  by  specifically  arresting 
those  cells  on  the  bone  endothelium. 

The  bone  marrow  microvasculature  is  a  specialized  network 
of  venules  and  fenestrated  sinusoids  permeable  to  low  molec¬ 
ular  weight  fluorophores  but  impenetrable  by  larger  macromo- 
lecular  conjugates  and  cellular  bodies  (10).  However,  the  bone 
marrow  as  the  site  of  hemopoiesis  must  be  capable  of  progen¬ 
itor  cell  flux  across  its  protective  endothelial  layer,  a  function 
not  required  or  desirable  in  other  types  of  endothelium.  Endo¬ 
thelial  cell  types  exhibit  heterogeneity  in  cytokine  response  (11, 
37),  receptor  expression  (9,  11,  36),  and  signaling  pathways 
(38).  In  the  absence  of  specific  stimuli,  endothelial  heterogene¬ 
ity  alone  is  able  to  influence  homing  of  circulating  progenitor 
cells  to  the  bone  marrow  through  differential  expression  of 
selecting  (10,  39,  40),  glycoproteins  (14),  and  VCAM-1  and 
CD44  (15).  Receptor  expression  and  adhesion  of  circulating 
leukocytes  to  sites  of  inflammation  is  further  regulated 
through  endothelial  activation  by  inflammatory  cytokines  (41, 
42).  These  cell  surface  differences  may  translate  into  preferen¬ 
tial  adhesion  of  circulating  tumor  cells  to  endothelial  cells  in 
specific  tissues. 

Transformed  BMEC  lines  recently  developed  have  facilitated 
exploration  of  the  mechanisms  by  which  endothelial  adhesion 
receptors  may  dictate  tumor  preference  for  specialized  endo- 
thelia.  Results  presented  in  this  study  demonstrate  that  pros¬ 
tate  cancer  cells  adhere  rapidly  to  bone  marrow  but  not  large 
vein  endothelial  cells.  This  is  in  agreement  with  observations 
by  other  investigators  that  prostate  adenocarcinoma  cell  lines 
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adhere  preferentially  to  cell  cultures  enriched  for  BMEC  over 
components  of  the  bone  marrow  or  hepatic  endothelial  cells  (2). 
In  another  study,  adhesion  of  prostate  carcinoma  cells  to  a  cell 
line  immortalized  from  isolated  BMEC  was  shown  to  be  inhib¬ 
ited  by  preincubation  of  BMEC  with  monoclonal  anti-LFA-1 
antibodies  or  polyclonal  anti-galectin-3  (43),  but  it  was  unclear 
which  cell  type  expressed  LFA-1  because  neither  has  been 
previously  reported  to  do  so.  We  have  used  two  transformed 
bone  marrow  endothelial  cell  lines,  BMEC-1  (30)  and  trHBMEC 
(11),  which  express  the  same  cell  adhesion  molecules  and  syn¬ 
thesize  the  same  cytokines  as  the  primary  endothelial  cells 
with  minor  differences  in  level  of  expression,  to  determine  that 
HA  on  the  prostate  tumor  cells  mediates  adhesion  to  BMEC. 
However,  this  does  not  exclude  the  possibility  of  other  interac¬ 
tions.  We  expect  that,  like  progenitor  arrest,  adhesion  and 
migration  of  prostate  tumor  cells  on  BMEC  involves  multiple 
adhesive  interactions  that  may  or  may  not  be  interdependent. 

HA  is  a  ubiquitous  polysaccharide  component  of  extracellu¬ 
lar  and  cell-associated  matrices  (44,  45),  essential  for  growth 
and  motility.  HA  is  required  for  normal  ductal  branching  in  the 
developing  prostate  gland  (46),  underscoring  its  vital  role  in 
cell  migration  (47).  In  some  cell  types,  this  requirement  entails 
assembly  of  an  HA  pericellular  matrix  for  proliferation  and 
migration  (33,  48).  Cell-associated  HA  may  facilitate  growth 
and  motility  by  stimulating  detachment  of  rounded,  dividing 
cells  and  the  trailing  edges  of  migrating  cells,  respectively.  HA 
exhibits  further  functional  complexity  as  an  adhesion  molecule 
involved  in  recruitment  of  circulating  lymphocytes  to  inflamed 
tissues  through  the  action  of  cell  surface  HA  receptors  (38).  The 
structure  of  HA,  consisting  of  many  thousand  repetitions  of  a 
disaccharide  motif,  is  well-suited  to  serve  as  a  multivalent 
ligand  for  coordinate  binding  by  many  simultaneous  adhesion 
receptors  or  for  providing  a  scaffold  for  cellular  movement. 

Cellular  behaviors  contributing  to  cancer  progression  in¬ 
clude  unrestricted  growth,  motility,  and  ability  to  circulate  and 
colonize  new  tissues.  Because  HA  is  a  normal  component  of 
such  processes,  it  is  not  surprising  that  elevated  levels  corre¬ 
late  with  cancer  progression  (21,  49,  50).  High  levels  of  serum 
HA,  for  example,  correlated  with  disseminated  carcinoma  in 
general  (51,  52)  and,  specifically,  with  tumor  progression  to 
metastatic  disease  in  malignant  lymphoma  (53)  and  breast 
carcinoma  (54).  In  human  breast  carcinoma,  HA  is  more  con¬ 
centrated  in  areas  where  the  tumor  is  invading  into  the  sur¬ 
rounding  tissue  (22),  and  elevated  stromal  and  cell-associated 
HA  correlates  with  malignancy  (55).  Elevated  stromal  and 
epithelial  HA  are  also  indicative  of  poor  survival  rate  in  pa¬ 
tients  with  ovarian  and  colorectal  cancers  (23,  24).  In  animal 
models,  tumor  cells  with  high  levels  of  HA  expression  were 
more  metastatic  than  cells  expressing  lower  levels  of  HA  (27, 
29,  56,  57).  Interestingly,  both  high  and  low  HA-expressing 
cells  have  the  same  growth  rate  in  vitro  and  at  the  primary 
injection  site  (27).  This  correlation  of  HA  with  metastasis  but 
not  growth  rate  suggests  that  HA  may  be  more  critical  to 
endothelial  adhesion  and/or  the  infiltration  of  the  cells  into 
tissues. 

PC3M-LN4  cell  adhesion  to  BMEC  in  vitro  was  both  en¬ 
hanced  and  inhibited  by  the  addition  of  high  molecular  weight 
HA.  At  low  concentrations  comparable  to  those  secreted  into 
the  culture  medium  of  the  cells  during  growth,  adhesion  of 
hyaluronidase-treated  tumor  cells  to  BMEC  was  significantly 
enhanced  by  HA  preincubation.  HA  prebinding  by  the  BMEC 
may  restore  adhesion  by  replacing  the  cross-bridging  ligand 
normally  presented  by  the  prostate  tumor  cells  via  its  own  cell 
surface  HA  receptors.  When  BMEC  were  precoated  with  higher 
levels  of  HA,  PC3M-LN4  cell  adhesion  was  almost  entirely 
precluded,  regardless  of  HAase  treatment.  This  suggests  that 


BMEC  and  prostate  HA  receptors  have  been  saturated  and  are 
no  longer  able  to  cross-link.  HA  has  been  previously  reported  to 
enhance/inhibit  intercellular  adhesion  in  this  fashion  in  devel¬ 
opment  of  chick  limb  buds  (58).  Rapid  intercellular  adhesion 
was  synergistically  inhibited  by  HAase  treatment  and  high 
exogenous  HA,  suggesting  the  incomplete  HAase  effect  is  prob¬ 
ably  due  to  HA  resynthesis  during  the  assay.  By  contrast, 
DU145  cell  adhesion  was  not  affected  by  addition  of  HA  at  any 
concentration,  and  therefore,  these  cells  most  likely  lack  active 
cell  surface  HA  binding  proteins. 

PC3  (59)  and  PC3M-LN4  (35)  prostate  carcinoma  cells  are 
highly  metastatic  in  mouse  models  and  are  shown  in  this  report 
to  produce  a  dense  pericellular  HA  matrix  that  mediates  adhe¬ 
sion  to  bone  marrow  endothelial  cells.  DU145  (60)  and  LNCaP 
(61)  cell  lines,  by  contrast,  are  poorly  metastatic  in  mice,  pro¬ 
duce  very  little  HA,  and  do  not  adhere  well  to  BMEC.  It  is 
worth  noting  the  origins  and  characteristics  of  the  four  cell 
types:  PC3  is  from  a  human  bone  metastasis;  its  derivative, 
PC3M-LN4,  metastasizes  to  mouse  bone;  DU145  and  LNCaP 
are  from  a  human  brain  and  a  human  lymph  node  metastasis, 
respectively,  and  their  interaction  with  bone  has  never  been 
documented.  The  correlation  between  high  metastatic  potential 
as  reported  in  the  literature,  up-regulated  HA  synthesis  and 
expression  of  HA  biosynthetic  enzymes  is  summarized  in  Table 
II.  This  correlation  is  consistent  with  a  putative  role  for  HA  as 
a  component  of  prostate  cancer  metastasis.  In  fact,  HA  over¬ 
production  is  thought  to  be  directly  involved  in  prostate  cancer 
progression.  Histological  sections  of  normal  adult  prostate  tis¬ 
sue  demonstrate  the  presence  of  HA  in  the  prostate  stroma  (25, 
46).  In  cancerous  human  prostates,  HA  expression  levels  are 
increased  on  the  carcinoma  cells  and  correspond  to  dedifferen¬ 
tiation  of  the  cancer  (25,  26). 

Synthesis  and  secretion  of  HA  is  catalyzed  in  vertebrates  by 
a  family  of  three  HA  synthases:  Hasl  (62),  Has2  (63),  and  Has3 
(64),  each  of  which  is  capable  of  conferring  HA  synthesis  and 
pericellular  HA  retention  to  transfected  cells  (for  a  review  of 
HA  synthases,  see  Ref.  65).  HAS  expression  is  ubiquitous,  but 
isoforms  exhibit  temporal  and  tissue-specific  distribution.  Tar¬ 
geted  disruption  of  the  has2  gene  is  an  embryonic  lethal  mu¬ 
tation  in  mice,  which  fail  to  produce  HA  essential  for  pericar¬ 
dial  endothelial  cell  migration  and  endothelial/mesenchymal 
transformation  during  cardiac  development  (66).  Has2  is  also 
specifically  up-regulated  in  response  to  wounding  in  a  mesothe- 
lial  cell  model  (67).  Because  HAS  expression  is  critical  during 
periods  of  normal  tissue  remodeling,  understanding  its  dys- 
regulation  in  tumors  may  be  important  in  controlling  tumor 
growth  and  metastasis.  HAS  expression  is  regulated  by  glu¬ 
cocorticoids  (68),  growth  factors  such  as  platelet-derived 
growth  factor  (69),  transforming  growth  factor  01  (70),  and 
pro-inflammatory  cytokines  (71).  Expression  of  HAS  appears  to 
correlate  directly  to  HA  synthesis  (69),  suggesting  regulation 
occurs  at  the  level  of  transcription.  To  date,  there  is  no  evidence 
for  post-transcriptional  mechanisms.  Elevated  HA  in  tumor 
cells  is,  therefore,  probably  a  reflection  of  HAS  gene  expression. 
In  support  of  this,  we  have  determined  that  Has2  and  Has3  are 
strongly  up-regulated  in  highly  metastatic  prostate  tumor 
cells.  HAS  up-regulation  in  prostate  cancer  progression  may  be 
dictated  in  part  by  factors  such  as  those  described  above,  pro¬ 
duced  and  secreted  by  prostate  stromal  or  epithelial  cells. 

HA  synthase  enzymes  have  been  implicated  in  tumorigene- 
sis  and  metastasis  in  mouse  models.  Overexpression  of  Has2  in 
fibrosarcoma  cells  yields  significantly  larger  subcutaneous  tu¬ 
mors  (28).  Mammary  carcinoma  cells  transfected  with  hasl 
were  more  metastatic  than  control  cells  (29).  In  a  melanoma 
model,  tumor  cells  selected  for  high  cell  surface  expression  of 
HA  were  highly  tumorigenic  and  metastatic,  whereas  tumor 
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cells  bearing  little  or  no  surface  HA,  although  equally  tumori- 
genic,  did  not  metastasize  (27).  In  the  latter  model,  however, 
has  isoform  expression  was  not  characterized.  Our  data  pres¬ 
ent  the  first  characterization  of  has  expression  in  prostate 
carcinoma  cells  and  reveal  a  possible  correlation  of  Has3  over¬ 
expression  with  tumor  cell  metastatic  potential.  Collectively, 
these  results  suggest  involvement  of  HA  in  tumor  growth  and 
metastasis,  and  imply  that  specific  HA  synthase  isoforms 
and/or  expression  levels  of  those  isoforms  may  mediate  these 
processes. 

Both  Has2  and  Has3  are  capable  of  synthesizing  HA  with  an 
average  molecular  mass  of  1-2  million  Da  (72),  the  average  size 
of  the  exogenous  HA  used  to  enhance/inhibit  adhesion  (Fig.  5). 
This  would  suggest  that  the  products  of  both  enzymes  are 
capable  of  supporting  intercellular  adhesion.  DU145  cells,  how¬ 
ever,  appear  to  express  elevated  Has3  but  synthesize  little  HA 
and  retain  no  matrix.  One  possible  explanation  may  be  that 
Has3  message  is  transcribed  but  not  translated  in  these  cells  or 
that  the  protein  made  is  inactive.  Alternatively,  there  may  be  a 
requisite  maximum  threshold  of  HAS  expression  for  mainte¬ 
nance  of  a  pericellular  matrix.  Levels  of  Has3  expression  suf¬ 
ficient  to  promote  matrix  retention  may  occur  in  only  a  subset 
of  DU145  cells,  with  the  remaining  cells  expressing  it  at  lower 
levels.  This  may  also  be  the  case  for  Has2  expression.  If  pro¬ 
duction  of  an  HA  matrix  enhances  arrest  in  the  bone  marrow 
sinusoids,  the  cell  population  would  have  significantly  dimin¬ 
ished  propensity  to  do  so,  relative  to  PC3  or  PC3M-LN4  cells, 
which  could  then  translate  to  reduced  bone  metastatic  procliv¬ 
ity.  Both  enzymes  are  up-regulated  in  highly  metastatic  cells, 
which  may  implicate  HAS  up-regulation  in  prostate  cancer 
progression.  Has3  overexpression  most  consistently  corre¬ 
sponds  to  aggressive  potential,  but  intrinsic  heterogeneity 
within  the  cell  lines  renders  assignment  of  such  a  correlation 
premature. 

Another  factor  to  consider  is  that  DU145  cells  may  lack 
surface  receptors  to  anchor  the  matrix,  because  exogenous  HA 
could  restore  adhesion  of  HAase-inhibited  PC3M-LN4  cells, 
which  are  normally  able  to  maintain  an  HA  coat,  but  not 
enhance  adhesion  of  DU145  cells.  It  is  important  to  recognize 
that,  although  HA  produced  by  prostate  tumor  cells  may  facil¬ 
itate  metastasis  to  bone  marrow  by  initially  attaching  to  the 
endothelium  in  the  bone  marrow,  changes  in  matrix-associated 
HA  binding  proteins  could  also  modify  prostate  tumor  cell 
behavior.  Because  HA  is  secreted  as  a  free  glycosaminoglycan 
and  is  not  attached  to  a  core  protein,  its  retention  at  the  cell 
surface  is  achieved  through  accessory  proteins  such  as  versi- 
can,  which  contribute  to  the  matrix,  specifically  binding  and 
cross-linking  the  multivalent  HA  into  a  dense  network  (33,  48). 
Elevated  levels  of  versican  are  associated  with  prostate  carci¬ 
noma  progression,  but  it  is  not  known  if  its  HA  binding  properties 
are  responsible  (73). 

However,  in  addition  to  the  HA  binding  proteins  in  the 
extracellular  matrix,  HA  is  specifically  recognized  by  a  widely 
expressed  transmembrane  receptor,  CD44.  Bone  marrow  and 
umbilical  vein  endothelial  cells  BMEC-1,  trHBMEC,  and 
HUVEC  express  cell  surface  CD44  but  exhibit  different  affinity 
for  PC3M-LN4  cells.  Preincubation  of  BMEC-1  cells  with  var¬ 
ious  reported  anti-CD44  blocking  monoclonal  antibodies  failed 
to  impact  prostate  tumor  cell  interaction  (data  not  shown). 
Nonetheless,  regulation  of  CD44  activation  state  with  respect 
to  HA  binding  occurs  on  many  levels  and  probably  contributes 
to  endothelial  adhesive  preference.  CD44  and  HA  interactions 
may  be  important  for  metastasis.  CD44-mediated  migration 
and  invasion  of  glioma  cell  lines  is  stimulated  by  HA  (74)  and 
inhibiting  CD44/HA  interactions  in  vivo  inhibits  metastasis 
(75,  76).  HA  clusters  CD44  resulting  in  stimulation  of  signal 


transduction  pathways  and  engagement  of  adhesion  molecules 
such  as  integrins  (77),  which  could  either  strengthen  adhesion 
or  lead  to  transmigration  of  the  prostate  cells  through  the 
endothelium. 

Alternatively,  HA  binding  proteins  on  the  surface  of  BMEC-1 
other  than  CD44  may  contribute  to  rapid  adhesion.  One  can¬ 
didate  protein  is  the  receptor  for  HA-mediated  motility 
(RHAMM),  which  has  not  been  reported  on  BMEC  surfaces  but 
has  been  shown  to  mediate  differential  HA  binding  by  endo¬ 
thelial  cells  of  different  vascular  origin  (36).  It  is  therefore 
possible  that  differences  in  vascular  endothelial  RHAMM  ex¬ 
pression  could  be  promoting  the  recognition  of  prostate  carci¬ 
noma  cells  bearing  surface-associated  HA.  Other  recently  de¬ 
scribed  cell  surface  HA  receptors  include  the  lymph  vessel 
endothelial-specific  LYVE-1  (78),  and  the  HA  receptor  for  en- 
docytosis  thought  to  be  specific  for  clearance  of  circulating  HA 
through  the  liver  and  spleen  (79). 

In  this  report,  we  have  surveyed  established  prostate  carci¬ 
noma  cell  lines  for  common  molecular  interactions  governing 
preferential  adhesion  to  bone  marrow  endothelial  cells  and 
discovered  a  correlation  between  metastatic  potential  and  ele¬ 
vated  HA  synthase.  We  have  delineated  a  mechanism  in  which 
prostate  cancer  cells  adhere  to  bone  marrow  endothelial  cells 
via  tumor  cell-associated  HA.  It  will  be  important  to  extend 
these  findings  to  establish  whether  this  adhesive  interaction 
contributes  to  prostate  cancer  metastasis.  With  this  goal,  we 
are  currently  manipulating  HA  levels  on  prostate  carcinoma 
cells  in  HA  synthase  transfectants,  which  should  enable  us  to 
determine  if  HA  changes  the  metastatic  potential  of  prostate 
carcinoma  cells  in  an  animal  model  and  whether  a  specific  HA 
synthase  isoform  is  responsible.  Furthermore,  this  approach 
will  allow  us  to  study  the  impact  of  HA  overproduction  on 
activation  of  adhesion  receptors  and  signal  transduction  path¬ 
ways  in  HA-mediated  adhesion  of  prostate  carcinoma  cells  to 
bone  marrow  endothelium. 
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Prostate  cancer  metastasis  to  bone  marrow  involves 
initial  adhesion  of  tumor  cells  to  the  bone  marrow  en¬ 
dothelium,  followed  by  transmigration  and  prolifera¬ 
tion  within  the  marrow.  Rapid,  specific  adhesion  of 
highly  metastatic  prostate  adenocarcinoma  cells 
(PC3M-LN4)  to  bone  marrow  endothelial  cell  (BMEC) 
lines  requires  a  pericellular  hyaluronan  (HA)  matrix 
and  correlates  with  dramatically  up-regulated  HA  syn¬ 
thase  (HAS)  expression.  Non-metastatic  prostate  tumor 
cells  (LNCaP)  do  not  assemble  a  HA  matrix,  adhere 
poorly  to  BMECs,  and  express  normal  levels  of  HAS. 
Preferential  bone  metastasis  of  prostate  carcinoma  cells 
may  therefore  be  facilitated  by  tumor  cell  HA  biosynthe¬ 
sis.  In  this  report,  HAS  gene  expression  was  manipu¬ 
lated  to  investigate  the  direct  impact  of  prostate  tumor 
cell  HA  production  on  adhesion  to  BMECs.  PC3M-LN4 
cells  stably  transfected  with  antisense  HAS2  and  HAS3 
failed  to  form  pericellular  matrices.  Adhesion  of  these 
transfectants  to  BMECs  was  significantly  diminished, 
comparable  to  the  low  level  exhibited  by  LNCaP  cells. 
Upon  transfection  with  full-length  HAS2  or  HAS3,  the 
non-adherent  LNCaP  cells  retained  pericellular  HA  and 
adhered  to  BMECs.  The  results  of  this  study  are  consist¬ 
ent  with  a  model  in  which  HA  matrix  formation,  BMEC 
adhesion,  and  metastatic  potential  are  mediated  by  HAS 
expression. 


Prostate  cancer  mortality  is  frequently  the  result  of  bone  me¬ 
tastasis.  The  preferential  homing  of  circulating  prostate  tumor 
cells  to  bone  marrow  is  thought  to  involve  an  initial  rapid  adhe¬ 
sion  to  cells  of  the  bone  marrow  endothelium,  followed  by  trans¬ 
migration  of  the  endothelium,  engagement  of  specific  receptors, 
and  subsequent  proliferation  within  the  bone  marrow  microen¬ 
vironment.  Molecular  mechanisms  underlying  these  processes 
are  poorly  understood,  but  there  is  evidence  that  tumor  cells  may 
exploit  existing  pathways  utilized  by  circulating  blood  cell  pro¬ 
genitors  to  gain  access  to  bone  marrow. 
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To  identify  potential  cell  adhesion  molecules  involved  in 
prostate  tumor  bone  metastasis,  research  in  our  laboratory  has 
focused  on  the  interaction  of  prostate  carcinoma  cells  with  bone 
marrow  endothelial  cells  (BMECs).1  Highly  metastatic  PC3M- 
LN4  cells  (1)  were  found  to  adhere  rapidly  to  human  bone 
marrow-derived  sinusoidal  endothelial  cell  lines,  whereas 
poorly  metastatic  LNCaP  cells  were  only  weakly  adherent  (2). 
This  adhesion,  specific  for  BMECs  relative  to  other  endothelial 
cells,  was  subsequently  found  to  depend  upon  the  presence  of  a 
pericellular  hyaluronan  (HA)  matrix  assembled  on  the  PC3M- 
LN4  cells.  The  presence  of  pericellular  HA  further  correlated 
with  elevated  HA  synthesis  and  expression  of  HA  biosynthetic 
enzymes  in  the  metastatic  cells.  Collectively,  our  results  may 
implicate  tumor  cell-associated  HA  and  up-regulation  of  HA 
synthase  (HAS)  in  prostate  cancer  progression,  possibly  by 
facilitating  arrest  in  the  bone  microvasculature  and/or  prefer¬ 
ential  tissue  colonization  of  individual  tumor  cells. 

HA  is  a  ubiquitous  polysaccharide  component  of  extracellu¬ 
lar  and  cell-associated  matrices  (3,  4),  essential  for  growth  and 
motility  of  both  normal  and  transformed  cells  (3,  5-7).  In  some 
cell  types,  this  requirement  entails  assembly  of  a  pericellular 
HA  matrix  (8,  9).  Cell-associated  HA  is  thought  to  stimulate 
cellular  detachment  during  proliferation  and  migration,  and 
HA  deposition  is  associated  with  normal  and  transformed  cell 
growth  and  migration  in  several  species  (10).  Elevated  levels  of 
HA  in  urine  and  serum  often  correlate  with  advanced  cancer 
(11, 12).  Production  of  HA  is  thought  to  be  directly  involved  in 
prostate  cancer  progression.  In  human  cancerous  prostates, 
HA  levels  are  increased  on  the  carcinoma  cells  and  correspond 
to  dedifferentiation  of  the  cancer  (13,  14). 

HA  biosynthesis  is  catalyzed  by  transmembrane  HAS  en¬ 
zymes  (15).  Three  human  isoforms  have  been  identified  and 
cloned  (HAS1  (16),  HAS2  (17),  and  HAS3  (18)).  The  cDNA  of 
each  isoform  is  capable  of  conferring  HA  synthesis  and  pericel¬ 
lular  HA  retention  to  transfected  cells.  HAS  expression  is  ubiq¬ 
uitous,  but  isoforms  exhibit  temporal  and  tissue-specific  distri¬ 
bution.  HAS2,  for  example,  is  essential  for  mouse  pericardial 
endothelial  cell  migration  and  transformation  to  mesenchyme 
during  cardiac  development  (19).  HAS2  is  also  specifically  up- 


1  The  abbreviations  used  are:  BMECs,  bone  marrow  endothelial  cells; 
TrHBMECs,  transformed  human  bone  marrow  endothelial  cells;  HA, 
hyaluronan;  HAS,  hyaluronan  synthase;  HAase,  hyaluronidase;  HABP, 
hyaluronan-binding  protein;  RT-PCR,  reverse  transcription-polymer¬ 
ase  chain  reaction;  GFP,  green  fluorescent  protein;  Hyg,  bygromycin; 
FACS,  fluorescence-activated  cell  sorting;  GAPDH,  glyceraldehyde-3- 
phosphate  dehydrogenase;  PBS,  phosphate-buffered  saline;  BSA,  bo¬ 
vine  serum  albumin;  MEM,  minimal  essential  medium;  streptavidin 
per  CP,  streptavidin-peridinin  chlorophyll-a  protein  conjugate. 
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regulated  in  response  to  wounding  in  a  mesothelial  cell  model 
(20).  Overexpression  of  HAS2  in  fibrosarcoma  cells  or  HAS 3  in 
prostate  carcinoma  cells  yields  significantly  larger  subcutane¬ 
ous  tumors  in  nude  mice  (21,  22).  Mammary  carcinoma  cells 
transfected  with  HAS1  are  more  metastatic  than  control  cells 
(23).  In  a  melanoma  model,  tumor  cells  selected  for  abundant 
cell-surface  HA  were  highly  tumorigenic  and  metastatic, 
whereas  tumor  cells  bearing  little  or  no  surface  HA,  although 
equally  tumorigenic,  did  not  metastasize  (6).  In  the  latter 
model,  however,  HAS  isoform  expression  was  not  character¬ 
ized.  Collectively,  these  results  suggest  involvement  of  HA  in 
tumor  growth  and  metastasis  and  imply  that  specific  HAS 
isoforms  and/or  expression  levels  of  those  isoforms  may  medi¬ 
ate  these  processes.  Expression  of  HAS  appears  to  correlate 
directly  with  HA  synthesis  (24),  suggesting  that  elevated  HA  in 
tumor  cells  is  probably  a  reflection  of  HAS  gene  expression. 

In  our  previous  report,  we  determined  that  HAS 2  and  HAS3, 
normally  present  at  low  levels  in  the  prostate,  are  strongly 
up-regulated  in  metastatic  prostate  tumor  cells  (2).  In  this 
report,  we  have  used  the  in  vitro  BMEC  adhesion  model  to 
examine  the  role  of  these  enzymes  and  their  product  in  prostate 
cancer  bone  metastasis.  Specifically,  we  have  manipulated  ex¬ 
pression  of  HAS2  and  HAS3  in  tumor  cell  lines  and  evaluated 
them  for  HA  synthesis,  pericellular  HA  retention,  and  HA-de- 
pendent  adhesion  to  BMECs.  Individual  inhibition  of  HAS2  or 
HAS3  expression  in  metastatic  PC3M-LN4  cells  was  found  to 
diminish  pericellular  HA  retention  and  BMEC  adhesion;  how¬ 
ever,  complete  inhibition  of  HA-mediated  adhesion  was  ob¬ 
tained  by  double  antisense  expression.  Conversely,  we  found 
that  overexpression  of  either  HAS2  or  HAS3  in  non-metastatic 
LNCaP  cells  conferred  pericellular  HA  retention  and  HA- me¬ 
diated  adhesion  to  BMECs.  These  results  definitively  implicate 
HAS  expression  in  rapid  adhesion  of  prostate  carcinoma  cells  to 
BMECs,  which  may  thereby  impact  the  bone  metastatic  poten¬ 
tial  of  circulating  tumor  cells. 

EXPERIMENTAL  PROCEDURES 

Cell  Culture  and  Reagents — LNCaP  human  prostate  adenocarci¬ 
noma  cells  were  purchased  from  American  Type  Culture  Collection 
(Manassas,  VA)  and  cultured  in  RPMI  1640  medium  containing  10% 
fetal  bovine  serum.  The  PC3  derivative  cell  line  PC3M-LN4  (also  a 
human  prostate  adenocarcinoma  cell  line)  was  kindly  provided  by  Dr. 
Isaiah  J.  Fidler  (M.  D.  Anderson  Hospital  Cancer  Center,  Houston,  TX) 
and  was  maintained  in  MEM  containing  10%  fetal  bovine  serum,  so¬ 
dium  pyruvate,  and  nonessential  amino  acids.  Prostate  carcinoma  cells 
were  plated  2  days  prior  to  experiments  and  used  at  -70%  confluence. 
Transformed  human  BMECs  (TrHBMECs)  were  a  gift  from  Dr.  Karin 
Schweitzer  (Free  University  Hospital  Amsterdam,  Amsterdam,  The 
Netherlands)  and  were  maintained  in  RPMI  1640  medium  containing 
10%  fetal  bovine  serum  (26).  Aggrecan  was  prepared  as  previously 
described  (26)  from  Swarm  rat  chondrosarcoma. 

Plasmid  Construction — Full-length  human  HAS3  cDNA  was  sub¬ 
cloned  by  PCR  using  oligonucleotides  that  incorporated  flanking  Sari 
and  EcoRI  restriction  sites.  HAS2  cDNA  was  amplified  by  RT-PCR  from 
PC3M-LN4  mRNA  using  oligonucleotides  that  incorporated  Nhe I  and 
BamYll  restriction  sites.  Full-length  cDNAs  were  inserted  in  pIRES2- 
EGFP  (CLONTECH)  via  the  NheVBamm  (HAS2)  or  SacVEcoRl 
(HAS3)  restriction  sites.  The  sequences  were  verified  and  found  to  be 
identical  to  the  published  sequence.  For  antisense  constructs,  HAS2  or 
HAS3  plasmid  DNA  was  used  as  the  template  to  amplify  the  first  300 
bases  of  each  isoform  sequence,  including  the  ATG  start  codon,  which 
was  then  subcloned  in  the  antisense  orientation  into  pIRES-Hyg 
(CLONTECH).  For  double  antisense  HAS  inhibition,  we  expressed  an¬ 
tisense  HAS2  as  a  bicistronic  message  with  GFP  (pIRES2-EGFP  vector) 
and  antisense  HAS3  with  hygromycin  resistance  (pIRES-Hyg). 

Transfection  of  Prostate  Carcinoma  Cells — LNCaP  cells  were  trans¬ 
fected  with  Lipofectin  reagent  (Invitrogen)  in  serum-free  medium  ac¬ 
cording  to  the  manufacturer's  protocol  and  allowed  to  recover  in  com¬ 
plete  standard  culture  medium  for  24-48  h  before  assaying.  GFP 
expression  was  verified  in  LNCaP  cells  by  flow  cytometry,  and  expres¬ 
sion  of  HAS 2  and  HAS3  RNAs  was  ascertained  by  RT-PCR  as  described 
below.  PC3M-LN4  cells  were  incubated  for  30  min  in  serum-free  mini¬ 


10051 

mal  essential  medium  containing 0.5  units/ml  chondroitinase  ABC  (Sig¬ 
ma)  to  remove  inhibitory  glycosaminoglycans  and  subsequently  trans¬ 
fected  with  FuGENE  6  liposome-mediated  transfection  reagent  (Roche 
Molecular  Biochemicals). 

Preparation  of  Stable  Antisense  HAS  Transfectants — PC3M-LN4 
cells  were  cotransfected  with  pIRES2-EGFP  and  pIRES-Hyg  for  the 
vector-transfected  control,  termed  GFP.  Individual  antisense  HAS2  or 
HAS3  transfectants  were  created  by  cotransfection  of  pIRES2-EGFP 
and  HAS2-Hyg  or  HAS3-Hyg,  respectively.  Double  antisense  HAS 
transfectants  received  HAS2-GFP  and  HAS3-Hyg.  All  transfectants 
were  selected  through  multiple  rounds  of  fluorescence-activated  cell 
sorting  (FACS)  and  antibiotic  selection  in  1  mg/ml  G418  and  0.8  mg/ml 
hygromycin  until  the  final  cell  populations  were  85-96%  positive  for 
GFP  expression.  Once  established,  stable  transfectants  were  main¬ 
tained  in  the  parental  medium  supplemented  with  1  mg/ml  G418  and 
0.5  mg/ml  hygromycin. 

Determination  of  HAS  Expression — HAS  isoform  and  relative  level  of 
expression  in  prostate  carcinoma  cell  lines  was  semiquantitatively  as¬ 
sayed  by  RT-PCR  as  previously  described  (2).  Briefly,  poly(A)+  RNA 
was  isolated  from  subconfluent  LNCaP  and  PC3M-LN4  transfectants 
with  the  Oligotex  mRNA  isolation  kit  (QIAGEN  Inc.)  and  quantitated 
by  Ribogreen  fluorescence  (Molecular  Probes,  Inc.,  Eugene,  OR).  20  ng 
of  each  mRNA  template  was  reverse-transcribed  with  an  oligo(dT) 
primer  using  the  Sensiscript  kit  (QIAGEN  Inc.).  PCR  oligonucleotides 
specific  for  HAS2  and  HAS3  messages  were  designed  from  the  sequence 
data  base;  expected  product  sizes  are  980  base  pairs  for  glyceraldehyde- 
3-phosphate  dehydrogenase  (GAPDH)  message,  210  base  pairs  for 
HAS2  message,  and  410  base  pairs  for  HAS3  message.  GAPDH  was 
amplified  with  each  reaction  to  standardize  conditions  using  oligonu¬ 
cleotides  available  from  Invitrogen.  Cycling  conditions  for  HAS2  and 
HAS3  amplification  from  PC3M-LN4  cells  were  optimized  independ¬ 
ently  as  follows:  1-min  initial  denaturation  at  95  °C;  33  cycles  (HAS2)  or 
25  cycles  (HAS3)  of  30-s  denaturation,  30-s  annealing  at  60  °C,  and  30-s 
polymerization  at  72  "C;  and  6-min  final  extension  at  72  °C.  For  cDNA 
amplification  from  LNCaP  transient  transfectant  mRNA  30  cycles  of 
the  above  conditions  were  uniformly  employed.  A  15-pi  aliquot  of  each 
reaction  was  electrophoresed  on  a  3%  agarose  gel,  stained  with 
ethidium  bromide,  and  digitally  photographed. 

Flow  Cytometric  Assay  for  Surface  HA  Retention — LNCaP  transfec¬ 
tants  were  analyzed  in  suspension  for  the  retention  of  cell-surface  HA 
2  days  post- transfection,  cells  were  released  with  PBS  containing  3  mM 
EDTA  washed  with  FACS  buffer  (PBS  containing  1  mM  CaCIa  and  1 
mM  MgCl2),  passed  twice  through  a  mesh  cell  filter  to  remove  aggre¬ 
gates,  and  resuspended  at  5  X  10*  cells/ml  in  FACS  buffer  with  or 
without  16  units/ml  Streptomyces  hyaluronidase  (HAase)  (Calbiochem). 
Cells  were  incubated  at  37  °C  for  30  min  and  then  washed  and  resus¬ 
pended  in  FACS  buffer  containing  biotinylated  HA-binding  protein 
(HABP)  (Seikagaku  America,  Inc.)  at  a  final  concentration  of  2  /xg/ml. 
Following  a  90-min  room  temperature  incubation  with  agitation,  cells 
were  washed  with  FACS  buffer,  resuspended  in  Btreptavidin-conju- 
gated  perCP(PharMingen)  at  a  final  dilution  of  1:200,  and  incubated  for 
an  additional  1  h  under  the  same  conditions.  After  a  final  wash  in  FACS 
buffer,  cells  were  resuspended  in  0.3  ml  of  FACS  buffer  and  immedi¬ 
ately  analyzed  by  flow  cytometry.  Results  were  gated  to  include  only 
GFP-fluoreBcing  cells  and  plotted  as  a  histogram  for  HABP  positivity. 

HA  Synthesis  Quantitation — The  concentration  of  HA  in  transfected 
cell  culture  supernatants  was  determined  in  a  competitive  binding 
assay  (27).  Immulon  96-well  microtiter  plates  were  coated  with  human 
umbilical  cord  HA  at  50  /xg/ml  in  200  mM  carbonate  buffer  (pH  9.6) 
overnight  at  4  °C.  Excess  HA  was  removed,  and  wells  were  blocked  with 
four  washes  of  Pierce  Superblock  reagent.  Prostate  carcinoma  cells 
(30,000  cells/well)  were  plated  overnight  in  24-well  plates.  Cells  were 
washed,  given  fresh  media,  and  incubated  for  an  additional  20-24  h. 
Overnight  conditioned  culture  media  were  harvested,  and  cell  counts 
were  determined  by  trypsin  release  and  manual  counting  in  a  hemocy- 
tometer.  Cell  culture  supernatants  were  centrifuged  to  remove  cellular 
material  or  particulates,  boiled  for  20  min  to  inactivate  protein  compo¬ 
nents,  and  serially  diluted  in  PBS  and  0.05%  Tween  20.  Equal  volumes 
of  each  dilution  were  combined  with  biotinylated  HABP  (Seikagaku 
America,  Inc.)  to  a  final  HABP  concentration  of  1  jxg/ml  and  incubated 
in  the  HA-precoated  wells  at  room  temperature  for  6-8  h.  The  plate 
was  washed  four  times  with  PBS  and  Tween  20  and  developed  using  an 
avidin-biotin-horeeradish  peroxidase  system  (Vector  Laboratories  ABC- 
HRP  PK-4000  kit)  with  tetramethylbenzidine  (Sigma)  as  substrate,  and 
absorbance  was  read  at  650  nm.  HA  concentration  was  interpolated 
from  a  standard  curve  of  absorbance  values  corresponding  to  known  HA 
quantities.  The  mean  HA  concentration  for  each  sample  of  culture 
supernatant  was  calculated,  and  results  were  normalized  to  cell  num- 
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ber.  Data  are  presented  as  mass  of  HA  (in  micrograms)/106  cells. 

Cell  Adhesion  Assay — Subconfluent  prostate  carcinoma  cells  were 
PBS/EDTA-released,  washed  with  adhesion  medium  (RPMI  1640  me¬ 
dium  with  0.1%  BSA  and  20  mM  HEPES  (pH  7.4),  maintained  through¬ 
out  the  assay  at  37  °C),  and  resuspended  at  1  X  106  cells/ml  in  adhesion 
medium.  Cells  were  incubated  with  25  fig/ml  calcein/AM  (Molecular 
Probes,  Inc.;  a  compound  that  is  converted  to  a  fluorophore  only  upon 
uptake  and  metabolism  by  living  cells)  for  20  min,  washed  with  adhe¬ 
sion  medium,  and  resuspended  at  1  X  lO*3  cells/ml.  TrHBMECs  were 
seeded  100%  confluent  (-40,000  cells/well)  in  48- well  plates  overnight 
and  washed  twice  with  adhesion  medium  prior  to  the  assay.  Prostate 
carcinoma  cells  (300  /xl/well)  were  added  to  the  confluent  endothelial 
cell  monolayers  and  incubated  for  12  min  at  37  °C  unless  otherwise 
indicated.  Non-adherent  cells  were  removed  with  two  washes  done  by 
gently  pipetting  2  X  0.5  ml  of  adhesion  medium  and  immediately 
decanting.  Viability  of  non-adherent  cells  was  verified  by  trypan  blue 
exclusion.  Adherent  cells  were  solubilized  with  PBS  containing  0.2  N 
NaOH  and  1%  SDS  and  quantified  in  a  Cytofluor  II  fluorescence  plate 
reader  at  485/530  nm  (Biosearch  Inc.,  Bedford,  MA). 

Inhibition  of  Cell  Adhesion — Calcein/AM-labeled  prostate  carcinoma 
cell  suspensions  (5  X  105  cells/ml)  were  preincubated  with  16  units/ml 
Streptomyces  HAase  for  25  min  and  diluted  to  1  X  10n  cells/ml  with 
adhesion  medium  prior  to  the  assay.  HAase  was  present  throughout  the 
assay. 

Particle  Exclusion  Assay — Pericellular  HA  matrices  were  visualized 
as  described  (8).  Briefly,  prostate  carcinoma  cells  cultured  overnight  in 
48-well  plates  were  washed  and  treated  for  25  min  at  37  °C  in  the 
absence  or  presence  of  Streptomyces  HAase  (16  units/ml  in  phenol 
red-free  MEM  with  0.1%  BSA).  This  medium  was  removed,  and  cells 
were  incubated  for  90  min  with  2  mg/ml  aggrecan  in  MEM  and  0.1% 
BSA  at  37  °C.  The  aggrecan  solution  was  removed,  and  1  X  108  glut- 
araldehyde-fixed  sheep  red  blood  cells  (Accurate  Chemical  &  Scientific 
Corp.)  in  PBS  and  1%  BSA  were  added,  allowed  to  settle  for  15  min,  and 
then  viewed  by  phase-contrast  microscopy.  The  HA  matrix  was  evi¬ 
denced  by  halos  surrounding  the  cells  from  which  the  fixed  erythrocytes 
were  excluded.  Representative  cells  were  photographed  at  a  magnifica¬ 
tion  of  X400.  To  quantify  matrix  retention,  outlines  of  matrices  and 
cellular  boundaries  from  10-15  individual  cells  of  each  type  were 
traced,  and  relative  areas  were  calculated  using  NIH  Image  software. 
HA  matrix  thickness  is  presented  as  the  ratio  of  matrix  area  to  cell  area 
for  each  transfectant  or  condition.  Values  for  individual  cell  tracings 
were  plotted,  with  mean  values  represented  in  each  distribution  by  a 
horizontal  bar.  A  ratio  of  1  indicates  complete  absence  of  pericellular 
clearing. 

RESULTS 

HAS  Overexpression  and  Antisense  Inhibition  Strategy — In 
our  previous  work  (2),  we  correlated  overexpression  of  mENA 
for  HAS2  and  HAS3  with  aggressive  prostate  carcinoma  cell 
lines.  We  reasoned  that  altered  HA  synthesis  and/or  pericellu¬ 
lar  HA  matrix  assembly  by  prostate  carcinoma  cells  could 
contribute  to  tumorigenic  or  metastatic  behavior,  either  by 
overall  HAS  expression  level  or  in  an  isoform-specific  fashion. 
To  establish  a  functional  correlation,  we  decided  to  overexpress 
full-length  cDNA  for  HAS2  or  HAS3  in  LNCaP  cells,  which 
synthesize  little  or  no  HA,  and  to  inhibit  HAS2  or  HAS3  ex¬ 
pression  in  PC3M-LN4  cells,  which  have  a  thick  pericellular 
HA  matrix.  We  chose  the  pIKES2-EGFP  eukaryotic  expression 
vector,  which  expresses  inserted  cDNA  as  a  bicistronic  message 
with  GFP,  so  cells  expressing  GFP  can  be  separated  from 
untransfected  cells  by  flow  cytometry.  Expression  of  GFP 
therefore  requires  the  transcription  of  HAS  message  and  pro¬ 
vides  a  useful  detection  mechanism  for  transfected  cells  ex¬ 
pressing  high  levels  of  that  message.  This  is  particularly  crit¬ 
ical  for  antisense  RNA  expression,  where  it  is  frequently 
difficult  to  verify  the  presence  of  antisense  message.  The  vector 
also  provides  an  antibiotic  resistance  gene  for  stable  selection. 

HAS2  or  HAS3  Overexpression  in  LNCaP  Cells  Confers  Up- 
regulated  HA  Synthesis  and  Pericellular  HA  Retention — 
LNCaP  cells  were  transiently  transfected  with  vector  alone 
(GFP)  or  with  vector  containing  cDNA  encoding  full-length 
human  HAS2  or  HAS3.  Transfection  efficiencies  in  the  popu¬ 
lation  as  measured  by  flow  cytometric  analysis  of  GFP  expres- 
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Fig.  1.  LNCaP  cells  transiently  transfected  with  HAS2  or 
HASS  cDNA  express  the  respective  message.  LNCaP  cells  were 
transfected  as  described  under  “Experimental  Procedures.”  2  days  after 
transfection,  poly  (A) +  RNA  was  isolated  from  each  transfectant,  re¬ 
verse-transcribed,  and  amplified  by  PCR  with  primers  specific  for 
GAPDH  (980  bp;  lanes  1-3),  HAS2  (210  bp;  lanes  4-8),  and  HAS3  (410 
bp;  lanes  9-13).  Lanes  1,  4,  and  9  correspond  to  GFP  control  transfec- 
tants.  Lanes  2 , 5,  and  10  contain  products  amplified  from  HAS2- trans¬ 
fected  cells.  Lanes  3 ,  6,  and  11  are  from  HAS3  transfectants.  Lanes  7 
and  12  (HAS2)  and  lanes  8  and  13  (HAS3)  are  plasmid  DNA  controls. 

sion  were  consistently  7-10%  for  HAS2  cDNA  and  15-20%  for 
HAS3  cDNA.  Expression  of  HAS  mRNA  in  the  transfected  cells 
was  verified  by  RT-PCR  (Fig.  1).  Consistent  with  our  previous 
characterization  of  the  LNCaP  cell  line  (2),  GFP  control  trans¬ 
fectants  did  not  yield  detectable  amounts  of  HAS2  product  and 
only  small  quantities  of  HAS3  ( lanes  4  and  9 ,  respectively). 
Easily  amplified  HAS2  and  HAS3  products  were  found  only  in 
the  respective  transfected  cell  types:  lanes  5  and  10  in  Fig.  1 
correspond  to  HAS2  transfectants,  and  lanes  6  and  11  are 
HAS3  transfectants.  Simultaneous  control  amplification  of  the 
GAPDH  housekeeping  gene  from  each  transfectant  is  provided 
in  lanes  1-3 ,  and  HAS2  {lanes  7  and  8)  and  HAS3  {lanes  12  and 
13)  plasmid  constructs  were  amplified  as  positive  controls  for 
specificity  of  the  reactions. 

To  evaluate  functionality  of  the  expressed  HAS2  and  HAS3 
proteins,  HA  synthesis  was  measured.  It  has  been  shown  pre¬ 
viously  that  the  majority  of  HA  synthesized  by  cells  in  culture 
is  secreted  to  the  culture  medium  (17).  We  analyzed  HA  secre¬ 
tion  by  LNCaP  transient  transfectants  in  a  competitive  en¬ 
zyme-linked  immunosorbent  assay-like  assay  as  described  un¬ 
der  “Experimental  Procedures.”  LNCaP  GFP  transfectant 
culture  supernatants  were  found  to  contain  <^0.5  pg  of  HA/106 
cells  (Fig.  2),  in  close  agreement  with  levels  detected  in  un¬ 
transfected  LNCaP  cultures.  Following  transfection  with  HAS2 
and  HAS3  constructs,  culture  media  contained  nearly  3-  and 
4-fold  increased  HA  levels,  respectively,  confirming  enzymatic 
activity  of  the  transfected  cDNA  products.  Remarkably,  the 
quantity  of  HA  detected  in  HAS-transfected  supernatants  was 
greater  by  1-1.5  pg/106  cells  than  in  controls.  Normalized  to 
the  10-15%  transfection  efficiency  of  the  cells,  this  HA  increase 
corresponds  to  a  synthesis  rate  of  «*10-15  pg/106  transfected 
cells,  which  is  on  the  order  of  catalysis  measured  for  the  PC3M- 
LN4  cell  line  (see  Fig.  7). 

To  assess  potential  cell-surface  HA  retention  resulting  from 
enhanced  HA  production,  we  used  particle  exclusion.  In  this 
assay,  cells  were  preincubated  with  a  specific  HA-binding  pro¬ 
teoglycan  (aggrecan),  and  small  red  blood  cells  were  allowed  to 
settle  around  the  much  larger  prostate  cells.  Those  cells  with 
surface-associated  HA  exhibited  surrounding  clear  zones.  Both 
the  HAS2-  and  HAS3-transfected  LNCaP  cells  were  clearly 
observed  to  have  a  halo  (Fig.  3,  B  and  C,  respectively),  whereas 
the  GFP  control  (Fig.  3A)  lacked  such  a  pericellular  zone  of 
exclusion,  indicating  that  transfection  of  LNCaP  cells  with 
HAS2  or  HAS3  also  conferred  surface  HA  retention.  Cells  did 
not  appear  to  exhibit  any  isoform  specificity  with  regard  to  the 
thickness  of  the  matrix  as  measured  in  this  assay.  However, 
there  was  a  definite  correlation  between  intensity  of  GFP  flu¬ 
orescence  (indicative  of  transfected  cells)  and  matrix  size  (data 
not  shown).  To  verify  the  HA  content  of  the  matrices  produced 
by  HAS-transfected  cells,  transfectants  were  digested  with 
HAase  prior  to  addition  of  aggrecan,  upon  which  the  pericellu¬ 
lar  clear  zones  were  no  longer  visible  (Fig.  3,  D-F). 
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Fig.  2.  HA  synthesis  and  secretion  are  elevated  in  LNCaP  cells 
overexpressing  HAS 2  or  HASS.  LNCaP  cells  were  transfected  as 
described  under  “Experimental  Procedures”  with  vector  alone  (GFP)  or 
vector  containing  full-length  cDNA  for  HAS2  or  HAS3.  HA  synthesis  in 
overnight  culture  media  was  assayed  by  competitive  binding  assay. 
Serial  dilutions  of  media  were  incubated  with  biotinylated  HABP  and 
applied  to  a  96-well  plate  coated  overnight  with  60  /ug/ml  high  molec¬ 
ular  mass  HA.  Wells  were  washed  and  detected  with  streptavidin- 
conjugated  horseradish  peroxidase  followed  by  tetramethylbenzidine 
precipitation.  HA  levels  were  interpolated  from  a  concurrent  HA  stand¬ 
ard  curve.  Assays  were  performed  in  triplicate  on  supernatants  from 
three  wells  per  condition  for  three  separate  transient  transfections. 
Levels  are  plotted  in  micrograms  of  HA/10®  cells. 
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Fig.  3.  Transfection  of  LNCaP  cells  with  cDNA  encoding  ei¬ 
ther  HAS2  or  HASS  confers  pericellular  HA  retention.  LNCaP 
cells  were  transfected  as  described  under  “Experimental  Procedures” 
with  vector  alone  (GFP;  A  and  Z>)  or  vector  containing  full-length  cDNA 
for  HAS2  ( B  and  E)  or  HAS3  (C  and  F).  Overnight  cultured  cells  were 
washed  and  incubated  at  37  °C  for  90  min  with  2  mg/ml  aggrecan,  and 
HA  matrices  were  visualized  as  clear  zones  surrounding  the  cell  perim¬ 
eter  following  addition  of  fixed  red  blood  cells  (A-C).  HA  composition  of 
the  matrix  was  verified  by  digestion  with  16  units/ml  Streptomyces 
HAase  prior  to  addition  of  aggrecan  ( D-F ). 

HAS2-  or  HAS3-transfected  LNCaP  Cells  Retain  Cell-associ¬ 
ated  HA  in  Suspension — To  verify  retention  of  cell-associated 
HA  in  suspended  cells,  we  performed  a  two-color  FACS  analy¬ 
sis.  Single  cell  suspensions  of  LNCaP  cells  transiently  trans¬ 
fected  with  GFP  control,  HAS2,  or  HAS3  constructs  were  incu¬ 
bated  with  a  biotinylated  HABP  probe,  detected  with  a 
streptavidin-coiyugated  fluorophore,  and  analyzed  by  flow  cy¬ 
tometry.  Cells  were  gated  to  include  only  GFP-positive  trans- 
fectants  and  plotted  to  illustrate  HA  binding  (Fig.  4,  solid  line). 
HAase  sensitivity  of  the  HABP  probe  demonstrated  the  speci¬ 
ficity  of  its  reactivity  with  HA  and  affirmed  the  HA  content  of 
the  matrix  retained  by  LNCaP  HAS2  and  HAS3  transfectants 
in  suspension  {dotted  line).  Using  this  assay,  it  was  apparent 
that  although  both  HAS  transfectants  possessed  surface  HA, 
LNCaP  HAS3  transfectants  (Fig.  4B),  relative  to  HAS2-trans- 
fected  cells  (Fig.  4A),  retained  considerably  more  matrix  with 


Fig.  4.  HAS2-  or  HAS3- transfected  LNCaP  cells  retain  cell- 
associated  HA  In  suspension.  HAS2  (A)-  or  HAS3  (B)-transfected 
LNCaP  cells  were  released  with  PBS  containing  3  mw  EDTA,  filtered 
twice  to  obtain  single  cell  suspensions,  and  incubated  with  1  mg/ml 
biotinylated  HABP  for  90  min  at  room  temperature  with  gentle  agita¬ 
tion.  Cells  were  centrifuged,  washed,  and  resuspended  in  PBS  with 
0.1%  BSA.  Streptavidin-conjugated  perCP  in  PBS/BSA  was  added  to  a 
final  dilution  of  1:200  and  incubated  for  45  min.  Cells  were  washed, 
resuspended  in  PBS/BSA,  and  subjected  to  two-color  FACS  analysis. 
HA  composition  of  the  matrix  was  verified  by  digestion  with  16  units/ml 
Streptomyces  HAase  prior  to  addition  of  HABP.  HAase- treated  cells  are 
represented  in  the  histograms  by  dotted  lines,  and  untreated  cells  are 
indicated  by  solid  lines. 

HABP-binding  potential  composed  of  HAase-sensitive  mate¬ 
rial.  Gating  on  very  high  GFP-expressing  cells,  which  would  be 
assumed  to  represent  the  highest  HAS-expressing  population, 
increased  the  amount  of  HABP  signal  intensity  in  HAS2  trans¬ 
fectants,  but  not  to  the  level  of  HAS3  transfectants  (data  not 
shown).  Reduced  apparent  transfection  efficiency  of  HAS2  ren¬ 
dered  it  difficult  to  obtain  significant  numbers  of  highly  GFP- 
positive  cells  to  analyze,  however;  so  this  difference  may  reflect 
greater  transfected  message  instability  rather  than  inherent 
iso  form-specific  matrix  formation. 

LNCaP  HAS2  and  HAS3  Transfectants  Adhere  to  BMECs — 
To  determine  whether  surface  HA  retention  could  mediate 
adhesion  to  BMECs,  LNCaP  HAS2  and  HAS3  transfectants 
and  corresponding  GFP  controls  were  labeled  and  applied  to 
confluent  TrHBMEC  monolayers.  Like  the  parental  LNCaP 
cells,  adhesion  of  GFP  control  transfectants  (Fig.  5,  black  bars) 
was  very  low  and  unaffected  by  HAase  digestion  {white  bars). 
Greater  numbers  of  LNCaP  cells  transiently  transfected  with 
HAS2  («8%  more,p  =  0.068  relative  to  GFP  control)  and  HAS3 
(^12%  more,  p  <  0.01  relative  to  GFP  control)  were  found  to 
adhere  to  BMECs,  and  the  enhanced  adhesion  was  entirely 
HAase-sensitive.  These  increases,  although  modest,  are  in 
close  relation  to  the  respective  transfection  efficiencies  of  HAS2 
and  HAS3  constructs.  Furthermore,  flow  cytometric  analysis  of 
non-adherent  cells  relative  to  total  input  cells  demonstrated 
removal  of  GFP-positive  cells  from  the  HAS2-  and  HAS3-trans- 
fected  populations  (data  not  shown),  implying  that  all  trans¬ 
fected  cells  were  adherent.  This  result  is  consistent  with  a 
direct  role  for  up-regulated  HA  synthesis  and  surface  HA  re¬ 
tention  in  prostate  tumor  cell  adhesion  to  BMECs.  Further¬ 
more,  overexpression  of  either  the  HAS2  or  HAS3  isoform  alone 
was  sufficient  to  confer  these  properties  to  LNCaP  cells. 
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Fig.  5.  HAS  overexpression  by  LNCaP  cells  confers  HA-medi- 
ated  adhesion  to  BMECs.  Single  cell  suspensions  of  LNCaP  GFP 
control,  HAS2.  or  HAS3  transfectants  were  calcein-labeled,  preincu¬ 
bated  in  the  absence  ( black  bars )  or  presence  ( white  bars )  of  16  units/ml 
Streptomyces  HAase,  and  applied  to  confluent  TrHBMEC  monolayers 
in  a  48-well  plate.  Non-adherent  cells  were  removed  after  16  min,  and 
the  remaining  adherent  cells  were  lysed  and  quantified  in  a  fluores¬ 
cence  plate  reader. 

Antisense  HAS  Expression  Diminishes  PC3M-LN4  Synthesis 
and  Secretion  of  HA — To  evaluate  the  effect  of  antisense  HAS 
mRNA  expression  on  prostate  tumor  cell  behavior,  we  devel¬ 
oped  four  stably  transfected  PC3M-LN4  cell  lines:  GFP,  bear¬ 
ing  the  appropriate  vector  controls;  H2as,  expressing  only  an¬ 
tisense  HAS2;  H3as,  with  antisense  HAS3  only;  and  H2/3as,  a 
“double  knockout**  incorporating  both  antisense  HAS2  and 
HAS3.  We  have  previously  used  semiquantitative  RT-PCR  to 
demonstrate  that  PC3M-LN4  cells  express  relatively  high  lev¬ 
els  of  HAS2  and  HAS3  mRNAs.  By  the  same  methodology, 
equal  amounts  of  poly(A)+  RNA  from  each  of  the  four  stably 
transfected  cell  lines  were  analyzed  by  RT-PCR  for  HAS2  (Fig. 
6,  upper  panel ,  lanes  5-10 )  and  HAS3  ( lower  panel ,  lanes  5-10 ) 
expression.  GAPDH  was  simultaneously  amplified  with  each 
set  of  reactions  to  control  for  input  RNA  ( lanes  1-4).  Fig.  6 
( upper  panel ,  lanes  6  and  8)  shows  reduced  HAS2  message  in 
H2as  and  H2/3as  transfectants,  respectively,  whereas  GFP 
control  and  H3as  transfectants  retained  comparable  expression 
( lanes  5  and  7).  HAS3  expression,  unaffected  in  GFP  control  or 
H2as  transfectants  {lower  panel ,  lanes  5  and  6 ),  was  signifi¬ 
cantly  diminished  in  both  H3as  and  H2/3as  cells  ( lanes  7  and 
8).  These  results  demonstrate  efficacy  and  isoform  specificity  of 
antisense  HAS  inhibition,  although  endogenous  HAS  gene  ex¬ 
pression  appeared  to  be  incompletely  suppressed. 

We  next  used  a  competitive  binding  assay  to  quantify  HA 
synthesis  and  secretion  by  each  cell  line  and  to  evaluate  poten¬ 
tial  functional  differences.  As  shown  in  Fig.  7,  GFP  controls 
produced  ^13  pg  of  HA/106  cells  in  20  h,  consistent  with  our 
previous  results  for  untransfected  PC3M-LN4  cells.  H2as 
transfectants  produced  about  half  as  much  HA  as  the  control 
cells  («*7  pg/106  cells),  reflecting  the  significantly  diminished 
HAS2  expression  observed  by  RT-PCR.  H3as  transfectants  se¬ 
creted  «5  fxg  of  HA/106  cells  in  20  h,  and  the  H2/3as  cell 
supernatants  contained  <4  pg  of  HA/106  cells.  These  results 
show  dramatic  inhibition  of  HA  synthesis  by  stable  transfec¬ 
tion  with  antisense  HAS  and  possibly  suggest  that  HAS3  may 
produce  more  of  the  cellular  HA  than  HAS2,  although  it  is  clear 
that  there  is  residual  HAS  expression  even  in  the  presence  of 
both  antisense  messages. 

Antisense  HAS  Expression  in  PC3M  LN4  Cells  Reduces  Ma¬ 
trix  Thickness — We  next  evaluated  the  antisense  PC3M-LN4 
cell  lines  by  particle  exclusion  to  determine  whether  antisense 
HAS  transfection  affected  cell-surface  HA  retention.  The  vector 
control  transfectants  retained  HAase-sensitive  matrices  (Fig. 
8A  and  inset )  of  comparable  thickness  to  the  parental  PC3M- 
LN4  cells  (Fig.  8 E).  Antisense  HAS2  or  HAS3  transfectants 


Fig.  6.  Stable  expression  of  antisense  HAS  RNA  in  PC3M-LN4 
cells  reduces  steady-state  HAS2  and  HASS  message  levels. 
PC3M-LN4  cells  were  stably  selected  for  expression  of  control  vectors 
( lanes  1  and  5),  vector  encoding  bicistronic  antisense  HAS2-GFP  ( lanes 
2  and  6),  vector  encoding  bicistronic  antisense  HAS3-GFP  ( lanes  3  and 
7),  or  vector  encoding  double  antisense  HAS2/HAS3  ( lanes  4  and  8)  as 
described  under  “Experimental  Procedures.**  Poly(A)+  RNA  was  iso¬ 
lated  from  each  transfectant,  reverse-transcribed,  and  amplified  by 
PCR  with  primers  specific  for  GAPDH  (980  bp;  lanes  1-4),  HAS2  (210 
bp;  upper  panel ,  lanes  5-10),  and  HAS3  (410  bp;  lower  panel ,  lanes 
5-10).  Plasmids  containing  full-length  HAS2  and  HAS3  cDNAs  (lanes  9 
and  10,  respectively)  were  amplified  concurrently  as  controls. 


GFP  H2as  H3as  H2/3as 


Fig.  7.  Inhibition  of  HAS2  and/or  HAS3  expression  in  PC3M- 
LN4  cells  by  stable  antisense  transfection  reduces  HA  synthesis 
and  secretion.  PC3M-LN4  cells  were  selected  as  described  under 
“Experimental  Procedures”  for  stable  expression  of  control  vectors  alone 
(GFP)  or  vectors  encoding  antisense  HAS2  RNA  (H2as),  antisense 
HAS3  RNA  (H2as),  or  double  antisense  HAS2/HAS3  RNA  (H2/3as). 
Transfectants  were  seeded  in  triplicate  wells  of  a  24-well  plate  (30,000 
cells/well).  Seeding  media  were  removed  the  following  day;  cells  were 
washed;  and  fresh  medium  was  applied.  These  overnight  conditioned 
media  were  then  harvested  and  analyzed  for  HA  content  by  competitive 
binding  assay  as  described  under  “Experimental  Procedures.”  HA  quan¬ 
tity  was  normalized  to  cell  number  as  determined  by  trypsin  release 
and  manual  counting  in  a  hemocytometer.  Data  are  presented  as  the 
means  ±  S.E.  of  three  independent  HA  quantitations  performed  on 
triplicate  culture  supernatants  for  each  transfectant. 


(Fig.  8,  B  and  C),  although  still  surrounded  by  pericellular  HA, 
appeared  to  have  matrices  of  diminished  thickness.  H2/3as 
cells  (Fig.  8D)  did  not  appear  to  retain  HA  at  the  cell  surface 
(compare  with  8A,  inset ,  HAase-treated).  To  quantify  matrix 
thickness,  outlines  of  matrices  and  cellular  boundaries  from  10 
individual  cells  were  traced,  and  relative  areas  were  calculated 
using  NIH  Image  software.  Coat  thickness  was  plotted  as  the 
ratio  of  matrix  area  to  cell  area  (coat/cell  area  ratio)  for  each 
transfectant  as  well  as  for  the  parental  PC3M-LN4  cell  line 
with  and  without  HAase  treatment  (Fig.  8 E).  The  mean  ratio 
for  each  condition  is  indicated  by  a  horizontal  bar .  The  parental 
cell  line  bore  a  very  thick  coat,  with  coat/cell  area  ratios  aver¬ 
aging  2.6.  HAase  treatment  reduced  this  ratio  to  ~1.3,  demon¬ 
strating  virtually  complete  removal  of  HA  from  the  cell  surface 
(a  ratio  of  1  signifies  absence  of  matrix).  GFP  vector  control 
transfectants  had  comparable  coat/cell  area  ratios  relative  to 
parental  cells,  but  these  ratios  were  significantly  reduced  in 
single  antisense  HAS2  and  HAS3  transfectants  (^2  and  1.5, 
respectively)  as  well  as  in  the  H2/3as  cell  line  (^l.S).  These 
quantitations  correlated  well  with  trends  observed  in  HA  syn¬ 
thesis  by  the  respective  cells  and  suggest  a  direct  correlation 
among  HAS  expression,  HA  synthesis  levels,  and  pericellular 
matrix  retention. 
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Fio.  8.  Antisense  HAS  Inhibition  In  PC3M-LN4  cells  dimin¬ 
ishes  pericellular  HA  matrix  retention.  Overnight  cultures  of 
PC3M-LN4  stable  transfectants  were  washed  and  incubated  with  ag- 
grecan  as  described  under  “Experimental  Procedures  ”  Surface  HA 
retention  was  visualized  as  a  clear  zone  encapsulating  the  cell  upon 
subsequent  addition  of  fixed  red  blood  cells.  Cells  were  digitally  photo¬ 
graphed  at  a  magnification  of  X400.  A,  GFP  control  transfectants 
exhibited  halos.  HA  composition  of  the  matrix  was  verified  by  HAase 
digestion  (inset).  B-D ,  shown  are  the  antisense  HAS2,  antisense  HAS3, 
and  double  antisense  HAS2/HAS3  transfectants,  respectively.  E,  sur¬ 
face  HA  retention  was  quantified  as  the  ratio  of  matrix  area  to  cell  area 
for  vector  control  relative  to  antisense  HAS-inhibited  PC3M-LN4  trans¬ 
fectants.  Following  addition  of  red  blood  cells,  individual  PC3M-LN4 
transfectants  were  traced  using  NTH  Image  at  the  boundary  of  the  clear 
zone  to  calculate  matrix  area  and  at  the  cell  perimeter  to  calculate  cell 
area.  Coat/cell  area  ratios  are  plotted  as  a  distribution,  with  the  mean 
value  represented  by  a  horizontal  bar. 


Antisense  Expression  Inhibits  BMEC  Adhesion — To  examine 
the  role  of  HA  synthesis  and  surface  retention  in  PC3M-LN4 
intercellular  interaction  with  BMECs,  we  performed  adhesion 
assays  as  described  under  “Experimental  Procedures.”  Inhibi¬ 
tion  of  HAS2  or  HAS3  expression  individually  was  observed  to 
diminish  adhesion  of  PC3M-LN4  cells  to  TrHBMECs  (Fig.  9). 
Adhesion  was  further  inhibited  by  digestion  with  HAase,  how¬ 
ever,  suggesting  that  there  is  sufficient  residual  synthesis  of 
HA  by  the  remaining  HAS  isoform  in  either  the  single  anti- 
Bense  HAS 2  or  HAS3  transfectants  to  promote  BMEC  adhe¬ 
sion.  The  greatest  inhibition  was  observed  in  antisense  HA  S3, 
which  may  imply  that  although  HAS2  is  active  and  sufficient  to 
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Fig.  9.  Antisense  HAS2  and  HAS3  inhibition  in  PC3M-LN4 
cells  impairs  adhesion  to  BMECs.  Single  cell  suspensions  of  PC3M- 
LN4  stable  transfectants  were  calcein -labeled,  incubated  in  the  absence 
(black  bars )  or  presence  (white  bars )  of  16  units/ml  Slreptomyces  HAase, 
and  applied  to  confluent  TrHBMEC  monolayers.  After  10  min,  non¬ 
adherent  cells  were  removed,  and  the  remaining  adherent  cells  were 
lysed  and  quantified  in  a  fluorescence  plate  reader.  Results  are  plotted 
as  percentage  of  total  input  cells. 

maintain  HA  synthesis  required  for  BMEC  adhesion,  HAS3 
actually  is  more  critical  to  the  process  than  HAS2.  The  level  of 
adhesion  following  HAase  digestion  ofHAS3  transfectants  was 
also  decreased  relative  to  controls  (~25%  adhesion  relative  to 
45%  for  vector  controls),  suggesting  that  HA-mediated  adhe¬ 
sion  may  be  a  more  significant  percentage  than  is  apparent 
from  digestion  of  parental  cells.  HA  was  probably  re-synthe- 
sized  on  the  time  scale  of  the  assay  in  the  parental  and  vector 
control  cells,  whereas  antisense  HAS  slowed  the  rate  of  surface 
matrix  replenishment,  thus  decreasing  adhesion  to  BMECs. 
This  is  further  supported  by  the  effect  of  double  antisense 
H2/3as  inhibition:  adhesion  of  these  transfectants  to  BMECs 
was  reduced  below  the  level  of  HAase-inhibited  control  cell 
adhesion,  and  there  was  a  virtual  absence  of  HAase  sensitivity. 
HAase  treatment  of  these  cells  did  not  reduce  adhesion  below 
levels  following  HAase  digestion  of  H3as  cells,  again  strongly 
implying  that  HAS3  may  synthesize  most  of  the  overproduced 
HA  required  to  promote  adhesion  of  PC3M-LN4  cells  to 
BMECs. 


DISCUSSION 

Prostate  cancer  bone  metastasis  is  the  most  frequent  cause 
of  mortality  in  patients  with  prostate  cancer.  The  origin  of 
preferential  bone  metastasis  by  prostate  tumor  cells  may  there¬ 
fore  reside  in  expression  of  a  unique  and  complementary  profile 
of  adhesion  molecules  and  receptors  by  prostate  and  bone  mar¬ 
row  endothelial  cells  that  would  facilitate  the  arrest  of  circu¬ 
lating  cells  in  the  bone  marrow  microvasculature.  In  this  re¬ 
port,  we  have  demonstrated  the  role  of  two  specific  genes  in 
modulation  of  rapid  adhesion  by  prostate  tumor  cells  in  sus¬ 
pension  to  cultured  BMEC  monolayers.  The  overproduction  of 
HA  induced  by  transfection  of  LNCaP  cells  with  HA  biosyn¬ 
thetic  enzyme  isoforms  HAS2  and  HAS3  was  sufficient  to  en¬ 
hance  HA-mediated  adhesion  of  these  cells  to  TrHBMECs. 
Conversely,  decreased  HA  production  by  antisense  HAS2  and 
HAS3  expression  in  PC3M-LN4  cells  eliminated  the  pericellu¬ 
lar  HA  matrix  normally  retained  by  these  cells  and  abolished 
HA-mediated  adhesion  to  TrHBMECs.  Up-regulation  of  HA 
biosynthetic  enzymes  may  therefore  be  one  mechanism  govern¬ 
ing  preferential  bone  metastasis. 

Individual  HAS  isoform  expression  in  LNCaP  cells  is  suffi¬ 
cient  for  elevated  HA  synthesis,  leading  to  surface  HA  reten¬ 
tion,  which  mediates  BMEC  adhesion.  It  is  worth  noting  that 
LNCaP  cells  do  not  express  CD44,  the  primary  cell-surface 
receptor  for  HA  (28),  shown  many  times  in  other  studies  to  be 
a  requisite  component  of  HA  matrices.  This  argues  that  other 
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HA  receptors  must  be  cross-linking  HA  into  a  matrix  or  that 
HAS  enzymes  themselves,  when  present  at  high  levels  in  the 
cell  membrane,  retain  considerable  amounts  of  HA.  The  pres¬ 
ence  of  HA  alone  is  capable  of  promoting  intercellular  adhesion: 
as  a  result  of  its  repetitive  polymeric  structure,  it  exhibits 
multivalent  binding  characteristics,  simultaneously  ligating 
receptors  on  multiple  cells.  In  our  studies  with  LNCaP  cells,  it 
was  difficult  to  distinguish  the  relative  effects  of  the  two  HAS 
isoforms.  Although  it  appeared  that  HAS2  was  less  active  in 
HA  overproduction  and  surface  retention,  when  normalized  to 
transfection  efficiency,  both  enzymes  catalyzed  sufficient  HA 
synthesis  to  mediate  equivalent  BMEC  adhesion,  suggesting 
similarity  of  the  products  with  regard  to  ligation  of  adhesion 
molecules  and/or  receptor  engagement. 

HAS  overexpression  has  been  correlated  with  aggressive  cell 
behaviors  in  several  other  model  systems.  Treatment  of  me- 
sothelial  cells  with  several  pro-inflammatory  cytokines  (24) 
increases  HAS2  expression,  and  manual  wounding  of  cultured 
peritoneal  mesothelial  cells  specifically  induces  HAS2  up-reg- 
ulation  at  the  wounded  edge  of  the  monolayer  (20).  HAS2 
clearly  appears  to  have  a  role  in  wound  healing  and  inflamma¬ 
tion  and  also  appears  to  be  the  most  highly  regulated  isoform 
because  these  studies  reported  no  significant  changes  in  the 
levels  of  HAS1  or  HAS3  transcripts.  Overexpression  of  HAS1  in 
a  syngeneic  mouse  mammary  carcinoma  model  resulted  in 
increased  lung  metastasis  following  intravenous  injection  (23). 
Although  human  breast  cancers  also  metastasize  preferentially 
to  bone  marrow,  bone  metastasis  was  not  addressed  in  that 
model.  HAS2  overexpression  has  been  shown  to  promote  an¬ 
chorage-independent  growth  in  HT1080  fibrosarcoma  cells  (21) 
and  malignant  mesotheliomas  (29)  as  well  as  to  increase  mi¬ 
gration  (29)  and  to  enhance  subcutaneous  tumorigenicity  in 
nude  mice  (21).  HAS3  overexpression  in  TSU  prostate  carci¬ 
noma  cells  (22)  yields  bigger  subcutaneous  tumors  in  nude 
mice,  but  has  no  effect  on  lung  metastasis  following  intrave¬ 
nous  injection.  HAS  enzymes  therefore  also  function  to  promote 
growth  and  motility;  however,  no  studies  have  addressed  the 
effect  of  HAS  expression  on  bone  metastatic  proclivity. 

Fewer  studies  documenting  inhibition  of  HA  synthesis  have 
been  published.  The  most  conspicuous  HAS  inhibitors  reported 
to  date  include  hydrocortisone  (24),  which  suppresses  HAS2 
expression  in  mesothelial  cells  almost  entirely,  and  dexametha- 
sone,  another  glucocorticoid  that  rapidly  down-regulates  HAS2 
expression  in  skin  fibroblasts  (30).  The  former  study  again 
reported  no  effect  on  HAS1  or  HAS3  message  levels,  suggesting 
that  HAS2  may  be  the  most  transiently  regulated  of  the  three 
genes.  Our  characterization  of  prostate  carcinoma  cell  lines  by 
RT-PCR  demonstrated  elevated  expression  of  both  HAS2  and 
HAS3  relative  to  normal  prostate  epithelial  cells,  with  overex¬ 
pression  of  HAS3  correlating  most  closely  to  the  reported  met¬ 
astatic  potential  of  the  cell  lines.  Because  HAS3  appears  to  be 
less  regulated  at  the  transcriptional  level,  the  consequences  of 
its  basal  overexpression  by  tumor  cells  are  likely  to  be  dramatic 
and  difficult  to  alleviate. 

To  directly  ascertain  the  impact  of  HAS  expression  on  HA 
matrix  retention  and  adhesion  to  BMECs,  we  employed  a  2-fold 
strategy:  up-regulation  in  cells  lacking  HA  (LNCaP)  and  inhi¬ 
bition  of  HAS  gene  expression  in  cells  with  a  thick  pericellular 
HA  matrix  (PC3M-LN4).  The  latter  strategy  required  stable 
selection  for  antisense  HAS  expression  to  obtain  a  significant 
decrease  in  HA  secretion,  reflecting  the  difficulty  of  achieving 
complete  knockout.  Inhibition  of  individual  HAS  isoforms,  al¬ 
though  able  to  decrease  HA  production,  matrix  retention,  and 
adhesion  to  BMECs,  did  not  completely  abolish  these  functions, 
suggesting  that  each  isoform  alone  actively  produces  HA  in 
PC3M-LN4  cells.  HA  production  and  BMEC  adhesion  were 


more  significantly  reduced  in  HAS3-inhibited  cells,  which 
could  be  indicative  of  more  efficient  HAS3  enzyme  catalysis. 
Kinetic  characterizations  of  HAS  in  reconstituted  liposomes 
showed  equivalent  catalytic  rates  for  HAS2  and  HAS3  (31), 
however.  Rather,  this  observation  is  consistent  with  greater 
detectable  expression  of  HAS3  relative  to  HAS2  (2)  and  with  a 
potential  correlation  between  adhesive/metastatic  potential 
and  levels  of  HAS3.  Because  adhesion  of  double  antisense 
HAS-inhibited  tumor  cells  was  almost  entirely  reduced  to  a 
basal  percentage,  we  conclude  that  surface  HA  retention  is 
both  necessary  and  sufficient  for  rapid  maximal  intercellular 
adhesion  in  our  cell  culture  model. 

Histopathologic  studies  of  human  prostate  cancer  have 
shown  that  HA  levels  increase  in  tumors  as  a  function  of 
increasing  pathologic  grade  (13,  14).  These  data  suggest  that 
tumor  cells  may  develop  an  enhanced  capacity  to  synthesize 
and  retain  pericellular  HA.  Consequently,  the  cells  become 
surrounded  by  a  hydrated  envelope  that  facilitates  invasive¬ 
ness,  perhaps  by  altering  the  composition  and  interfering  with 
the  integrity  of  tissue  stromal  matrices.  This  envelope  could 
also  permit  the  tumor  cells  to  evade  immune  system  detection, 
to  adhere  to  specialized  endothelia,  and/or  to  grow  in  remote 
sites.  Short  HA  oligosaccharide  degradation  products  have 
been  shown  to  stimulate  angiogenesis  (32),  and  levels  may  be 
elevated  in  the  environs  of  such  tumor  cells  through  the  action 
of  HAase  enzymes  (33).  Inhibition  of  HAS  enzyme  expression 
within  the  tumor  would  then  be  predicted  to  decrease  angio¬ 
genesis  and  thereby  suppress  tumor  growth.  HAS  expression 
has  not  yet  been  characterized  in  human  tumor  tissue. 

Tumor  cells  may  utilize  adhesive  mechanisms  for  homing  to 
bone  marrow  that  normally  occur  for  the  purpose  of  regulating 
homing  of  hematopoietic  progenitor  cells.  Studies  of  circulating 
progenitors  have  demonstrated  the  involvement  of  carbohy¬ 
drate/lectin  interactions  as  well  as  intercellular  adhesion  mol¬ 
ecules,  VCAM,  and  integrins.  In  a  metastatic  myeloma  model 
(34),  CD44/HA  was  required  for  transmigration  of  BMEC 
monolayers.  Furthermore,  HA  binding  to  CD44  has  also  been 
shown  to  mediate  lymphocyte  rolling  under  shear  flow  condi¬ 
tions  (35).  Endothelial  adhesion  receptor  profiles  may  drive 
preferential  metastasis.  Cultured  endothelial  cells  from  micro- 
vascular  versus  large  vein  or  arterial  sources  have  been  shown 
to  bind  significantly  greater  amounts  of  HA  (36),  which  was 
attributable  to  differential  expression  of  the  HA  receptors 
CD44  and  RHAMM  (receptor  for  HA-mediated  motility).  Liga¬ 
tion  of  these  receptors  has  been  shown  to  transduce  motility 
signals  (37,  38),  perhaps  consequently  permitting  ingress  of 
tumor  cells  to  bone  marrow. 

The  most  simple  consequence  of  our  results  is  that  tumor 
cell-associated  HA  would  recognize  bone  marrow  endothelial 
receptors  and  arrest  the  circulating  cell  in  the  microvascula¬ 
ture.  However,  it  is  possible  that  this  interaction  could  occur 
indirectly  or  be  facilitated  by  indirect  interaction  with  lympho¬ 
cytes  or  other  CD44-expressing  cells  in  the  bloodstream.  The 
presence  of  such  cells  in  tumor  cell  aggregates  could  provide  a 
source  of  “normal”  cross-talk  between  the  tumor  cells  and  the 
endothelium.  Chemokines  and  their  receptors,  for  example,  are 
required  for  transendothelial  migration  of  hematopoietic  pro¬ 
genitor  cells  in  vitro  (39).  Secretion  of  chemokines  or  expression 
of  chemokine  receptors  within  the  cell  aggregates  and  recogni¬ 
tion  by  the  endothelial  cognate  receptor  or  ligand  would  be  one 
mechanism  by  which  transmigration  of  a  tumor  cell  could  be 
indirectly  orchestrated. 

We  have  demonstrated,  by  manipulation  of  gene  expression, 
that  up-regulated  HAS  enzymes  in  prostate  tumor  cells  are 
responsible  for  promoting  rapid  adhesion  to  BMECs  in  vitro . 
This  is  a  novel  interaction  that  has  not  been  previously  de- 
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scribed  for  prostate  carcinoma  cells.  It  will  be  important  to 
determine  whether  this  adhesive  preference  in  vitro  translates 
to  preferential  arrest  and/or  homing  to  the  bone  marrow  mi¬ 
crovasculature  in  a  mouse  model.  We  are  currently  investigat¬ 
ing  this  question.  We  anticipate  that  inhibition  of  HA  synthesis 
by  prostate  tumor  cells  or  antagonism  of  HA-mediated  adhe¬ 
sion  may  provide  a  means  of  regulating  metastatic  growth  of 
prostate  cancer. 

Acknowledgment — We  thank  Dr.  Joseph  Barycki  for  many  thought¬ 
ful  discussions. 
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Hyaluronan  (HA) ,  a  secreted  gtycosaminoglycan  com¬ 
ponent  of  extracellular  matrices,  is  critical  for  cellu¬ 
lar  proliferation  and  motility  during  development. 
However,  elevated  circulating  and  cell-associated  lev¬ 
els  correlate  with  various  types  of  cancer,  including 
prostate.  We  have  previously  shown  that  aggressive 
PC3M-LN4  prostate  tumor  cells  synthesize  excessive 
HA  relative  to  less  aggressive  cells,  and  express  cor¬ 
respondingly  higher  levels  of  the  HA  biosynthetic 
enzymes  HAS2  and  HAS3.  Inhibition  of  these  enzymes 
by  stable  transfection  of  PC3M-LN4  cells  with  anti- 
sense  IIAS2  or  HAS3  expression  constructs  dimin¬ 
ishes  HA  synthesis  and  surface  retention.  In  this  re¬ 
port,  we  used  these  HA- deficient  cell  lines  to  examine 
the  role  of  HA  in  tumorigenicity.  Subcutaneous  injec¬ 
tion  of  SOD  mice  with  hyaluronan  synthase  (HAS) 
antisense-transfected  cells  produced  tumors  threefold 
to  fourfold  smaller  than  control  transfectants.  Tu¬ 
mors  from  HAS  antisense  transfectants  were  histolog¬ 
ically  HA- deficient  relative  to  controls.  HA  deficiency 
corresponded  to  threefold  reduced  cell  numbers  per 
tumor,  but  comparable  numbers  of  apoptotic  and  pro¬ 
liferative  cells.  Percentages  of  apoptotic  cells  in  cul¬ 
tured  transfectants  were  identical  to  those  of  control 
cells,  but  antisense  inhibition  of  HA  synthesis  ef¬ 
fected  slower  growth  rate  of  cells  in  culture.  Quanti¬ 
fication  of  blood  vessel  density  within  tumor  sections 
revealed  70  to  80%  diminished  vascularity  of  HAS 
antisense  tumors.  Collectively,  the  results  suggest 
HAS  overexpression  by  prostate  tumor  cells  may  fa¬ 
cilitate  their  growth  and  proliferation  in  a  complex 
environment  by  enhancing  intrinsic  cell  growth  rates 
and  promoting  angiogenesis.  Furthermore,  this  is  the 
first  report  of  a  role  for  inhibition  of  HA  synthesis  in 
reducing  tumor  growth  kinetics.  (AmJ  Pathol  2002, 
161:849-857) 

Prostate  cancer  is  the  second  leading  cause  of  cancer 
death  in  men.1  In  prostate  cancer  progression,  prostate 


epithelial  cells  undergo  phenotypic  and  genotypic 
changes  that  facilitate  inappropriate  proliferation,  inva¬ 
sion  of  surrounding  stromal  matrices,  entry  into  the  lym¬ 
phatic  system  and/or  the  bloodstream,  and  colonization 
of  other  tissues  in  the  body.  Understanding  the  molecular 
events  that  mediate  these  processes  is  essential  to  ulti¬ 
mate  disease  diagnosis,  management,  and  treatment. 

Hyaluronan  (HA)  is  a  secreted  glycosaminoglycan 
abundant  in  stroma!  matrices  and  important  for  providing 
cushion  around  organ  tissue  and  within  joints  2  However, 
more  active  roles  for  HA  have  been  demonstrated  in 
proliferation,  in  which  its  deposition  facilitates  rounding  of 
mitotic  cells;3  development,  in  which  it  is  both  a  scaffold 
for  the  movement  of  differentiating  cells  and  a  stimulus  for 
the  transformation  to  a  mesenchymal  phenotype  that  pre¬ 
cedes  cellular  migration  to  form  organs  such  as  the 
heart4  and  prostate;5  and  wound  healing,  in  which  accel¬ 
erated  synthesis  serves  to  recruit  lymphocytes  to  the 
wound  through  the  action  of  specific  HA  receptors.6  Be¬ 
cause  these  functions  for  HA  are  also  components  of 
aggressive  tumor  cell  behavior,  it  is  not  surprising  that  HA 
has  been  implicated  in  tumorigenicity  and  metastasis.  In 
fact,  HA  overproduction  is  a  diagnostic  or  prognostic 
factor  for  several  types  of  cancer,  including  breast,7  thy¬ 
roid,8  ovarian,9  colorectal,10  and  bladder  cancers.11  In 
histopathological  analyses  of  human  prostate  cancer,12-14 
excessive  stromal  HA  accumulation  is  detectable  in  early 
stages  and  intensifies  throughout  progression.  Eventually, 
advanced  cancers  exhibit  tumor  cell-associated  HA,  which 
correlates  to  poor  patient  prognosis.15 

HA  biosynthesis  is  catalyzed  by  transmembrane  HA 
synthase  (HAS)  enzymes.16  Three  human  isozymes  have 
been  identified  and  cloned  (, hasl ,17  has2?&  has319).  The 
cDNA  of  each  isozyme  is  capable  of  conferring  HA  syn¬ 
thesis  and  pericellular  HA  retention  to  transfected  cells, 
and  the  HA  products  and  rates  of  synthesis  seem  to  be 
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very  comparable  in  these  transfectants.20'21  Manipulation 
of  specific  isozyme  expression  levels  has  been  demon¬ 
strated  to  affect  tumorigenicity  and  metastasis.  Overexpres¬ 
sion  of  HAS2  in  fibrosarcoma  cells  or  HAS3  in  prostate 
carcinoma  cells  yields  significantly  larger  subcutaneous  tu¬ 
mors  in  nude  mice.22,23  These  results  suggest  involvement 
of  HA  in  tumor  growth,  and  imply  that  specific  HAS 
isozymes  and/or  expression  levels  of  those  isozymes  may 
mediate  this  process. 

Previous  work  in  our  laboratory  has  been  directed  at 
determining  the  role  of  HA  biosynthetic  enzymes  in  pros¬ 
tate  cancer.  Initially,  we  demonstrated  overexpression  of 
mRNA  for  HAS  isozymes  2  and  3  in  PC3M-LN4,  an  ag¬ 
gressive  prostate  carcinoma  cell  line  24  relative  to  less 
aggressive  prostate  tumor  cell  lines  and  normal  pros¬ 
tate  25  Overexpression  of  HAS222  and  HAS323  has  been 
shown  to  enhance  growth  of  human  tumor  cell  transfec¬ 
tants  in  immunocompromised  mice,  but  the  effect  of  in¬ 
hibited  HA  production  by  tumor  cells  has  not  been  de¬ 
termined.  Altered  HA  synthesis  and/or  pericellular  HA 
retention  by  prostate  carcinoma  cells  could  contribute  to 
tumorigenic  behavior,  either  by  overall  HAS  expression 
level  or  in  an  isozyme-specific  manner.  Seeking  to  estab¬ 
lish  a  functional  correlation,  we  developed  and  charac¬ 
terized  four  stably  transfected  PC3M-LN4  cell  lines.26  An 
appropriate  vector  control;  H2as,  expressing  only  HAS2 
antisense;  H3as,  with  HAS3  antisense  only;  and  H2/3as, 
a  double  knockout  incorporating  antisense  for  both  HAS2 
and  HAS3.  Significant  inhibition  of  HA  synthesis  and  peri¬ 
cellular  HA  retention  was  obtained  by  stable  transfection 
with  individual  HAS  antisense,  with  double  antisense 
transfectants  most  dramatically  affected.26 

In  this  study,  our  goal  was  to  evaluate  the  impact  of 
inhibited  HA  production  on  prostate  tumor  cel!  growth  in 
an  animal  model.  We  found  the  presence  of  excessive 
HA  was  required  for  efficient  tumor  growth,  and  investi¬ 
gated  the  potential  mechanisms  by  which  growth  kinetics 
were  altered.  Apoptosis  was  unaffected  either  in  tumor 
sections  or  cultured  cells.  The  intrinsic  rate  of  proliferation 
in  culture  was  modestly  reduced  by  HAS  antisense  inhi¬ 
bition,  although  the  absolute  percentage  of  proliferating 
cells  within  the  tumor  sections  was  not  impacted.  Quan¬ 
tification  of  blood  vessel  density  among  the  cell  lines 
revealed  significantly  reduced  vascularization  of  HAS 
antisense-inhibited  transfectant  tumors.  We  conclude 
that  the  role  of  HA  in  prostate  tumor  cell  biology  is  both 
proliferative  and  angiogenic. 


Materials  and  Methods 

Cell  Culture  and  Reagents 

The  PC3-derivative  cell  line,  PC3M-LN4  (human  prostate 
adenocarcinoma  cells),  was  kindly  provided  by  Dr.  Isaiah 
J.  Fidler  (M.  D.  Anderson  Hospital  Cancer  Center,  Hous¬ 
ton,  TX),  and  was  maintained  in  minimal  essentia!  me¬ 
dium  containing  10%  fetal  bovine  serum,  sodium  pyru¬ 
vate,  and  nonessential  amino  acids.  Media  supplements, 
and  antibiotics  were  purchased  from  Invitrogen  (Carls¬ 
bad,  CA).  Stably  transfected  cells  selected  as  previously 


described26  were  maintained  in  the  above  medium  con¬ 
taining  1  mg/ml  of  G418  and  0.5  mg/ml  of  hygromycin 
until  one  passage  before  injection,  at  which  time  this 
medium  was  replaced  with  standard  medium.  C.B- 
17.scid  mice  were  purchased  from  Charles  River,  Wil¬ 
mington,  MA. 


Mouse  Subcutaneous  Injection  and  Analysis 

Male  SCID  mice  (five  animals  per  condition  in  three  sep¬ 
arate  experiments)  were  injected  subcutaneously  in  each 
flank  with  1  x  106  tumor  cells  suspended  at  10  x  106 
cells/ml  in  standard  culture  medium.  Tumor  growth  was 
monitored  every  3  to  7  days  using  digital  calipers.  After 
21  days,  mice  were  sacrificed,  a  final  caliper  reading  was 
recorded,  and  tumors  were  dissected  and  weighed.  One 
part  of  each  tumor  was  snap-frozen  in  OCT  compound  on 
dry  ice  for  subsequent  sectioning  and  CD31  detection. 
The  other  part  was  formalin-fixed,  paraffin-embedded, 
and  sectioned  for  histological  analysis.  Five  sections  per 
tumor  type  were  stained  with  hematoxylin  and  eosin 
(H&E). 

Detection  of  HA  in  Tumor  Sections 

HA  was  specifically  detected  in  tumor  sections  with  a 
biotinylated  HA-binding  protein  (Seikagaku)  at  3  /xg/ml  in 
phosphate-buffered  saline  (PBS)/1%  bovine  serum  albu¬ 
min  overnight  at  4°C.  Sections  were  then  washed,  incu¬ 
bated  for  1  hour  with  avidin-horseradish-peroxidase  con¬ 
jugate  (Vector  Laboratories,  Irvine,  CA),  developed  with 
the  3, 3'-diami nobenzidine  tetrahydrochloride  liquid  sub¬ 
strate  system  (Sigma  Chemical  Co.,  St.  Louis,  MO)  for  10 
minutes,  hematoxylin-counterstained,  and  examined  mi¬ 
croscopically  for  3,3'-diaminobenzidine  tetrahydrochlo¬ 
ride  deposition.15  Representative  sections  were  digitally 
photographed  at  x400  magnification. 

Cellularity  Determination 

Cell  counts  were  determined  manually  in  hematoxylin- 
stained  frozen  sections.  Five  random  sections  were 
counted  in  each  of  four  to  five  tumors  per  cell  line  and 
averages  plotted  in  a  distribution  with  the  mean  repre¬ 
sented  by  a  horizontal  bar.  To  obtain  relative  cell  num¬ 
bers  per  tumor,  the  average  two-dimensional  cell  counts 
were  integrated  to  a  three-dimensional  volumetric  density 
and  normalized  to  the  average  three-dimensional  volume 
of  each  tumor. 


Apoptosis 

Subconfluent  cultures  of  equivalent  passages  of  tumor 
cell  lines  were  trypsin  released,  washed  twice  in  PBS, 
and  fixed/permeabilized  by  addition  of  ice-cold  ethanol. 
Control  aliquots  of  each  cell  suspension  were  incubated 
with  10  /xg/ml  of  DNase.  A  terminal  dUTP  nick-end  label¬ 
ing  (TUNEL)  assay  for  DNA  fragmentation,  an  early  event 
in  apoptosis,  was  performed  according  to  the  manufac- 
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turer’s  protocols  using  the  TUNEL-Red  apoptosis  detec¬ 
tion  kit  from  Boehringer  Mannheim,  Indianapolis,  IN.  Cells 
were  analyzed  by  two-color  flow  cytometry,  gating  on 
GFP-positive  cells,  and  assessing  incorporation  of  the 
red  fluorophore  in  the  FL-2  channel. 

Intrinsic  Growth  Rate 

Equivalent  passages  of  each  tumor  cell  line  were  plated 
at  2000  cells/wel!  in  48-well  plates.  At  24-hour  intervals  up 
to  6  days,  quadruplicate  wells  of  each  cell  line  were 
released  with  150  p,\  of  trypsin,  neutralized  with  150  /il  of 
serum-containing  medium,  and  manually  counted  in  a 
hemacytometer. 

Angiogenesis  Quantification 

Vascularization  of  the  tumors  was  assessed  in  acetone- 
fixed  frozen  sections  by  antibody  staining  for  CD31,  a 
transmembrane  protein  specifically  expressed  by  vascu¬ 
lar  endothelial  cells.  CD31-phycoerythrin-conjugated  an¬ 
tibody  (BD  Pharmingen)  staining  was  visualized  by  fluo¬ 
rescence  microscopy.  Five  random  sections  from  each  of 
three  tumors  per  cell  line  were  digitally  photographed 
with  5  seconds  of  exposure  time,  saved  as  TIF  files,  and 
processed  as  previously  described.27  Briefly,  images 
were  converted  from  16  bit  to  8  bit  in  Adobe  Photoshop, 
red  channel  fluorescence  was  specifically  isolated,  im¬ 
ages  were  converted  to  grayscale,  inverted,  and  a  black- 
and-white  threshold  was  arbitrarily  set  to  200  based  on 
levels.  The  histogram  function  was  then  used  to  deter¬ 
mine  vessel  density  as  represented  by  density  of  black 
pixels  at  0  on  the  black-to-white  scale.  Average  pixel 
density  for  each  transfectant  tumor  section  was  normal¬ 
ized  to  the  average  pixel  density  for  untransfected  PC3M- 
LN4  tumor  sections. 

Subcutaneous  Injection  with  Exogenous  HA 

Tumor  cells  (GFP  control  and  H2/3as  cell  lines)  were 
resuspended  in  standard  culture  medium  as  above  or  in 
medium  containing  1  mg/ml  of  sodium  hyaluronate  (av¬ 
erage  molecular  size  810  kd;  Lifecore,  Chaska,  MN), 
solubilized  overnight,  and  filter-sterilized.  Male  SCID 
mice  (five  per  condition  in  two  separate  experiments) 
were  injected  subcutaneously  in  each  flank  and  moni¬ 
tored  as  above. 


Results 

Inhibition  of  Hyaluronan  Synthase  (HAS)  by  Anti- 
Sense  RNA  Expression  Reduces  Growth  Rate 
of  Subcutaneous  Tumors 

In  a  previous  report,  we  described  four  stably  transfected 
subline  populations  of  PC3M-LN4  prostate  adenocarci¬ 
noma  cells:  GFP,  bearing  the  appropriate  vector  controls; 
H2as,  expressing  HAS2  antisense;  H3as,  with  HAS3  anti- 
sense  only;  and  H2/3as,  incorporating  antisense  for  both 


Figure  1.  Inhibition  of  I  IAS  gene  expression  in  PC3M-LN4  cells  by  stable 
transfection  with  antisense  constructs  impairs  tumor  growth  kinetics  in  im- 
mumx'ompromised  mice.  Untransfected,  or  vector  (GFP)-,  IIAS2  (II2as)-, 
IIAS3  (II3as)-,  and  IIAS  double  antisense  (II2/3as)-transfected  tumor  cells 
were  suspended  in  serum-containing  medium  and  injected  subcutaneously 
into  the  flanks  of  male  SCID  mice.  Tumors  were  harvested  and  weighed  after 
3  weeks.  Date  are  plotted  as  the  mean  tumor  wet  weight  (mg)  ±  SEM  of  10 
tumors  per  condition  and  are  representative  of  three  separate  experiments. 


HAS2  and  HAS3  26  To  evaluate  the  relevance  of  tumor 
cell  HA  to  tumor  growth  in  vivo ,  we  performed  subcuta¬ 
neous  injections  of  PC3M-LN4  untransfected  cells,  con¬ 
trol  vector-transfected  cells,  or  stable  HAS  antisense- 
inhibited  transfectants,  into  flanks  of  male  SCID  mice.  At 
3  weeks  after  injection,  mice  were  sacrificed,  and  tumors 
were  dissected  and  weighed.  All  tumors  appeared  en¬ 
capsulated  and  no  spontaneous  metastasis  was  de¬ 
tected  in  any  of  the  animals.  Vector-transfected  control 
cells  formed  tumors  of  comparable  size  to  those  of 
PC3M~LN4-untransfected  cells  (Figure  1).  Expression  of 
either  antisense  HAS2  or  HAS3  individually,  or  in  concert, 
in  these  cells,  however,  reduced  the  size  of  resultant 
tumors  by  70  to  75%,  suggesting  HA  overproduction  was 
required  for  rapid  tumor  growth. 

Tumors  Derived  from  HAS  Antisense- 
Expressing  Cells  Contain  Reduced  HA  and 
Diminished  Cell  Counts 

H&E  staining  of  tumor  sections  derived  from  control  and 
transfected  PC3M-LN4  cells  confirmed  the  encapsu¬ 
lated,  locally  confined  nature  of  the  tumors.  There  was  no 
evidence  of  necrosis,  invasiveness,  or  spreading  in  any 
of  the  sections,  and  no  apparent  differences  in  morphol¬ 
ogy  among  cell  lines.  GFP  expression  within  the  trans¬ 
fectant  tumor  sections  was  verified  by  antibody  staining 
(data  not  shown).  To  assess  HA  content  of  subcutaneous 
PC3M-LN4  tumors,  formalin-fixed,  paraffin-embedded  tu¬ 
mors  were  sectioned,  dewaxed,  and  probed  with  biotin¬ 
ylated  HA-binding  protein.  HA  appeared  as  a  heavy 
brown  stain  interspersed  among  purple  hematoxylin- 
counterstained  tumor  cells  (Figure  2A).  HA  content  and 
specificity  of  the  probe  was  verified  by  absence  of  stain 
when  sections  were  pretreated  with  hyaluronidase  en¬ 
zyme  (Figure  2B).  HA  content  of  subcutaneous  PC3M- 
LN4  transfectant  tumors  was  then  evaluated  and  visual¬ 
ized  (Figure  2;  C  to  F).  As  illustrated  by  the  representative 
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Figure  2.  Evaluation  of  tumor  IIA  content.  Formalin-fixed  parafFin-emhed- 
ded  sectioas  were  dewaxed,  rehydrated,  hematoxylin-stained,  and  probed 
with  biotinylated  HA-binding  protein.  After  incubation  with  streptavidin- 
horseradlsh  peroxida.se  conjugate,  IIA  was  detected  by  3,3f-diaminobenzi- 
dine  tetra hydrochloride  precipitation.  Representative  stained  tumor  sections 
from  each  cell  line  are  shown  3t  X4W)  magnification:  At  PC3M-LN4;  Bj 
PC3M-LN4,  hpluronida.se-treated;  Ct  GFP  control;  Dt  IIZis;  Ei  Ilffcisj  Fi 
II2/3as. 


sections  presented,  GFP  control  tumors  (Figure  2C)  were 
similarly  HA-rich,  relative  to  the  untransfected  tumors,  but 
individual  or  double  HAS  antisense  tumors  contained 
little  to  no  intercellular  HA  (Figure  2;  D,  E,  and  F),  consis¬ 
tent  with  reduced  production  by  the  tumor  cells. 

Because  massively  reduced  intercellular  HA  within  the 
tumors  could  translate  to  smaller  tumor  volumes  with 
equivalent  cell  numbers,  we  quantified  cellular  density  of 
the  tumor  sections.  Cells  were  manually  counted  in  five 
random  hematoxylin-stained  sections  from  four  to  five 
tumors  for  each  cell  line.  Two-dimensional  cell  densities 
(Figure  3A)  were  only  slightly  greater  in  the  antisense 
tumors.  However,  integration  to  three  dimensions  using 
the  relative  volumes  of  the  respective  tumors  (Figure  3B) 
illustrated  2.5-  to  3-fold  more  cells  in  control  tumors. 
Hence  although  cell  densities  were  somewhat  increased 
by  the  absence  of  HA  within  the  antisense  tumors,  the 
difference  in  tumor  size  was  primarily  the  result  of  re¬ 
duced  cell  number. 

HAS  Antisense  Expression  Reduces  Intrinsic 
Growth  Rate  of  PC3M-LN4  Cells  But  Does  Not 
Affect  Apoptosis  or  Proliferation  Rate  in  Tumors 

Cell  counts  in  locally  confined  tumors  are  the  result  of  a 
balance  between  apoptosis  and  growth  in  the  tumor  cell 
populations.  Apoptosis  was  measured  by  a  TUNEL  assay 
for  DNA  fragmentation  in  fixed,  permeabilized  tissue  sec- 


Flgure  3*  Cell  counts  in  HAS  antisense  tumors.  A:  Individual  cells  in  hema¬ 
toxylin-stained  frozen  sections  were  manually  counted  under  X400  magni¬ 
fication  and  the  average  number  of  cells  per  five  random  fields  was  deter¬ 
mined.  Results  of  four  to  five  tumors  per  cell  line  are  plotted  as  a  distribution 
with  the  mean  represented  by  a  horizontal  bar.  B:  Two-dimensional  aver¬ 
age  cell  densities  were  integrated  to  volume  densities,  normalized  to  tumor 
size,  and  plotted  as  the  mein  relative  fractional  cell  number  ±  SEM. 


tions.  Sections  viewed  by  fluorescence  microscope  ex¬ 
hibited  virtually  no  apoptotic  cellular  staining  (data  not 
shown).  However,  at  3  weeks  within  the  subcutaneous 
environment,  apoptosis  may  no  longer  be  detectable  by 
this  method,  so  we  repeated  the  assay  on  cultured  cel! 
suspensions.  Results  were  analyzed  by  flow  cytometry 
(Figure  4;  A  to  D),  gating  on  GFP-positive  cells,  and 
detecting  red  fluorophore  incorporation  by  apoptotic 
cells  in  FL-2  (black  tracings).  Approximately  1  to  2%  of 
the  GFP-positive  cells  were  undergoing  apoptosis  and  no 
differences  in  this  percentage  were  evident  among  cel! 
lines.  DNase  treatment  of  permeabilized  cells  was  in¬ 
cluded  as  a  control  (gray  tracings).  Similar  results  were 
obtained  by  annexin-V  staining  (3  to  4%  of  GFP-positive 
cells  were  annexin-V-positive  in  all  cell  lines,  data  not 
shown),  suggesting  inhibition  of  HA  production  did  not 
stimulate  apoptosis  in  stably  selected  cultures. 

Intrinsic  growth  rate  of  cells  in  culture  was  monitored 
by  trypsin  release  and  manual  counting  each  day  for  6 
days  (Figure  4E).  Growth  of  individual  HAS  antisense 
transfectants  was  moderately  impaired,  and  double  anti- 
sense  cell  growth  rate  was  60%  of  control  in  the  6-day 
assay.  We  evaluated  proliferation  within  tumor  sections 
by  staining  for  the  nuclear  proliferation  antigen  Ki-67  (not 
shown).  The  average  percentage  of  Ki-67-positive  cells 
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Figure  4.  Apoptosis  and  intrinsic  growth  of  I  IAS  anti-sense  cells  in  culture. 
Ar-D:  Suhcx>nf!uent  cultures  of  tumor  cell  lines  were  trypsin  released, 
washed,  fixed,  and  permeabilized.  Control  aliquots  of  each  cell  suspension 
were  incubated  with  10  pg/ml  of  DNase.  Apoptosis  was  measured  by  a 
TUNEL  Red  assay  followed  by  two-color  flow  cytometry,  gating  on  GFP- 
posithe  cells,  and  assessing  incorporation  of  the  red  fluorophore  in  the  Ftr2 
channel.  Black  tracings  represent  the  FL-2  distnbution  of  GFP  (A),  II2as 
(B),  II3as  (C),  and  II2/3as  (D)  cell  lilies.  DNase  control  results  are  super¬ 
imposed  as  gray  tracings.  E:  Equivalent  passages  of  each  tumor  cell  line 
were  plated  in  48-well  plates.  At  24-hour  intervals  up  to  6  days,  quadruplicate 
wells  of  each  cell  line  were  trypsin  released  and  manually  counted  in  a 
hemacytometer.  Growth  curves  are  shown  for  GFP  controls  (solid  fine, 
squares),  II2as  (dotted/dashed  fine,  triangles),  II3as  (dashed  fine,  cir¬ 
cles),  II2/3as  (dotted  fine,  diamonds). 


per  five  random  sections  of  tumor  ranged  from  35  to  55% 
and  was  equivalent  in  all  tumors.  The  high  level  of  vari¬ 
ability  in  these  data  among  tumors  derived  from  the  same 
cel!  line  suggested  no  HAS  antisense-related  trends. 
Hence,  although  intrinsic  growth  rate  seemed  to  be  sig¬ 
nificantly  slowed  in  the  HAS  antisense-inhibited  tumor 
cell  lines,  this  did  not  account  for  the  dramatic  differ¬ 
ences  observed  in  tumor  weight  and  volume. 


Reduction  of  HA  Synthesis  Inhibits 
Angiogenesis 

Visualized  grossly  on  dissection,  control  tumors  were 
obviously  more  vascularized  than  anti-sense  HAS-ex- 
pressing  tumors.  Furthermore,  there  is  literature  prece¬ 
dent  for  angiogenic  regulation  by  HA.  In  particular,  its 
oligomeric  degradation  products  have  been  shown  to 
mediate  endothelial  cell  motility  and  proliferation.28^30  To 
quantify  vascularity,  tumors  were  stained  with  a  phyco- 


Flgure  5.  Antisense  HAS  expression  in  PC3M-LN4  cells  yields  poorly  vascu¬ 
larized  tumors  relative  to  controls.  CD31-phycoerythrin<’onjugated  antibody 
staining  was  used  to  quantify  angiogenesis  of  tumor  sections,  visualized  by 
fluorescence  microscopy.  Re  present  a  the  sections  from  GFP  control  (A)  and 
HAS  double  antisense  (B)  tumors  are  shown.  C:  Five  random  sections  from 
each  of  three  tumors  per  cell  line  were  digitally  photographed  and  images 
processed  as  described  in  Materials  and  Methods.  Average  pixel  density  for 
each  transfectant  tumor  section  was  then  normalized  to  the  average  pixel 
density  for  unlransfected  PC3M-LN4  tumor  sections. 


erythrin-conjugated  antibody  to  CD31 ,  a  vascular  endo¬ 
thelial  cell  surface  antigen.  Representative  grayscale 
sections  of  GFP  control  (Figure  5A)  and  H2/3as  (Figure 
5B)  tumors  illustrate  differences  in  CD31  staining.  Digital 
photographs  of  five  random  sections  from  each  of  three 
tumors  per  cell  line  were  analyzed  as  TIF  files  in  Adobe 
Photoshop.27  Angiogenesis  in  PC3M-LN4  transfectant  tu¬ 
mors  is  represented  by  average  pixel  density  and  nor¬ 
malized  to  untransfected  control  tumors  (Figure  5C).  In¬ 
hibition  of  HA  synthesis  in  tumor  cells  reduced  blood 
vessel  density  by  70  to  80%,  despite  insignificant  differ¬ 
ences  in  cellular  density.  Therefore,  HA  overproduction 
by  tumor  cells  may  be  required  for  efficient  subcutaneous 
growth  because  of  its  impact  on  angiogenesis. 

Exogenous  HA  Restores  Subcutaneous  Tumor 
Growth  and  Vascular  Density 

If  HA  production  were  all  that  was  required  for  efficient 
growth  of  PC3M-LN4  cells,  then  inclusion  of  excess 
quantities  in  the  injection  medium  of  the  antisense-inhib- 
ited  transfectants  would  be  predicted  to  restore  tumor 
growth  kinetics  to  those  of  the  control  cells.  Inclusion  of  1 
mg/ml  of  exogenous  HA  in  the  culture  medium  of  untrans¬ 
fected,  control,  or  HAS  antisense-transfected  PC3M-LN4 
cells  had  no  effect  on  the  two-dimensional  growth  curves 
shown  in  Figure  4E  (data  not  shown).  To  test  this  predic¬ 
tion  in  vivo,  vector  (GFP)  and  double  antisense  (H2/3as)- 
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Figure  6.  Exogenous  IIA  restores  control  tumor  growth  kinetics  and  vascular 
deasity  to  double  IIAS  antisease-inhibitec!  PC3M-LN4  cells.  Ai  Vector  (GFP) 
and  [IAS  double  antisense  (I12/3as)-traasfecled  tumor  cells  were  suspended 
in  control  culture  medium  (white  hare)  or  medium  containing  1  mg/ml  of 
sodium  hyaluronate  (average  size,  810  kd),  and  injected  subcutaneously  into 
the  flanks  of  male  SCII)  mice.  Tumors  were  harvested  and  weighed  after  3 
weeks.  Data  are  plotted  as  the  mean  wet  weight  (mg)  ±  SEM  of  seven  to  nine 
rumors  per  condition.  B:  CD31-phycoer>thrin-c’onjug:ited  antib<xly  staining 
was  used  to  quantify  angiogenesis  of  tumor  sections.  Five  random  sections 
from  each  of  three  tumors  per  cell  line  injected  in  control  medium  (white 
bare)  or  IIA-containing  medium  (black  bare)  were  analyzed  as  described  in 
Materials  and  Methods.  Average  pixel  density  of  each  section  was  normalized 
to  that  of  untninsfected  PC3M-LN4  tumor  sections. 


transfected  cells  were  suspended  in  standard  medium 
(control)  or  medium  containing  1  mg/ml  of  HA  (average 
molecular  weight,  810  kd)  before  subcutaneous  injection 
as  described.  Tumors  were  harvested  and  weighed  at  21 
days  (Figure  6A).  Growth  of  control  transfectants  was 
slightly,  but  not  significantly,  stimulated  by  addition  of  HA 
to  the  injection  medium.  Inhibited  growth  of  HAS  double 
antisense  cells,  however,  was  enhanced  to  match  growth 
of  the  controls.  This  confirmed  the  specific  nature  of 
the  antisense  inhibition  and  the  requirement  only  for  the 
product  of  the  HAS  isozymes,  not  for  production  by 
the  tumor  cell,  retention  at  the  surface  by  HAS,  or  expres¬ 
sion  of  a  specific  isozyme. 

The  efficacy  of  growth  restoration  in  vivo,  but  not  in 
cultured  cells,  implies  a  more  complex  requirement  for 
HA  than  to  modify  intrinsic  growth  rate  of  the  cells,  and  is 
consistent  with  a  putative  role  in  angiogenesis.  To  inves¬ 
tigate  this  possibility,  we  quantified  vascular  density  of 
GFP  control  and  H2/3as  tumors  injected  in  standard  or 
HA-containing  medium  by  CD31-phycoerythrin  staining 


as  described  above.  Average  CD31 -positive  pixel  den¬ 
sity  was  comparable  for  GFP  controls  cells  irrespective  of 
injection  medium  (Figure  6B).  However,  the  low  vascular 
densities  observed  for  H2/3as  tumors  injected  in  stan¬ 
dard  medium  were  entirely  restored  to  control  levels  by 
addition  of  exogenous  HA.  This  result  provides  direct 
support  for  the  involvement  of  HA  in  tumor  vasculariza¬ 
tion. 


Discussion 

Prostate  cancer  progression  occurs  with  elevated  HA 
deposition  in  the  prostate  stroma  and  tumor  cell-associ¬ 
ated  HA  is  a  bad  prognostic  factor.  HA  overproduction 
and  cell  surface  retention  correlates  with  malignant  pros¬ 
tate  tumor  cell  phenotype.  In  this  report,  we  have  used 
PC3M-LN4  aggressive  prostate  tumor  cells  selected  for 
stable  expression  of  antisense  HAS  constructs  to  assess 
the  impact  of  inhibited  HA  production  on  tumorigenic 
behavior  in  vivo.  Diminished  HA  synthesis  resulting  from 
reduced  expression  of  either  or  both  HAS  enzyme  iso¬ 
forms  significantly  altered  the  growth  kinetics  of  the  tumor 
cells  (75%  reduction).  Intrinsic  proliferation  and  apopto¬ 
sis  in  two-dimensional  cell  cultures  were  not  sufficiently 
different  to  account  for  this  observation.  However,  blood 
vessel  densities  within  the  HAS  antisense-inhibited  tu¬ 
mors  reflected  the  same  75  to  80%  reduction  exhibited 
by  tumor  growth.  These  results  strongly  imply  that  the 
elevated  HA  levels  produced  by  PC3M-LN4  cells  function 
both  to  enhance  cell  growth  within  the  tumor  and  to 
promote  its  vascularization. 

Ample  evidence  exists  for  the  function  of  HA  in  growth 
and  development.  HA  is  deposited  in  large  quantities  by 
cells  undergoing  mitosis,  and  facilitates  both  cell  round¬ 
ing  and  ultimate  separation  of  the  daughter  cells.3  Addi¬ 
tion  of  HA  to  explanted  embryonic  mouse  prostate  tissue 
was  required  for  ductal  branching  5  Targeted  disruption 
of  HAS2  is  an  embryonic  lethal  mutation  in  mice  as  a 
result  of  cessation  in  heart  development 4  Exogenous 
addition  of  HA  to  explanted  heart  tissue  from  these  em¬ 
bryos  was  sufficient  to  restore  wild-type  levels  of  cardiac 
endothelial  cell  motility,  functioning  not  only  as  a  requisite 
migration  substrate  but  also  to  influence  transformation  of 
the  cells  to  a  motile  phenotype.  The  product  of  HAS 
enzymes,  therefore,  seems  to  be  the  essentia!  compo¬ 
nent  of  these  events.  This  is  consistent  with  our  observa¬ 
tions  that  antisense  HAS  expression  in  PC3M-LN4  cells 
inhibits  tumor  growth  and  addition  of  HA  to  double  anti¬ 
sense-inhibited  cells  restores  their  rate  of  tumor  formation 
and  vascularity  to  control  levels.  Although  an  essential 
component  of  growth,  cells  apparently  do  not  need  to 
make  HA  if  it  is  made  available  to  them. 

Temporal  and  tissue-specific  HA  deposition  has  been 
implicated  in  normal  growth,  but  also  promotes  patholog¬ 
ical  growth.  HA  overproduction  by  cultured  cells  has 
been  shown  to  alleviate  normal  contact  inhibited 
growth  31  Addition  of  HA  to  explanted  heart  cells  main¬ 
tains  them  in  an  undifferentiated  state,  in  which  they 
retain  tumor  cell  characteristics  of  motility  and  continued 
proliferation 32  HA  stimulates  myeloma  proliferation  in 
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munohistological  data  suggest  this  may  occur  in  prostate 
carcinoma,  because  the  hyaluronidase  isoform  Hyal-1 
was  shown  to  be  overexpressed  during  human  cancer 
progression  concurrently  with  elevated  HA  deposition.15 

Our  data  are  consistent  with  a  model  in  which  tumor 
cells  with  enhanced  capacity  to  synthesize  and  retain 
pericellular  HA  are  surrounded  by  a  hydrated  envelope 
that  facilitates  tumorigenicity,  perhaps  by  altering  the 
composition  and  interfering  with  the  integrity  of  tissue 
stroma!  matrices  or  permitting  the  tumor  cells  to  evade 
immune  system  detection.  Short  HA  oligosaccharides 
that  stimulate  angiogenesis  may  be  elevated  in  the  envi¬ 
rons  of  such  tumor  cells  through  the  action  of  hyaluroni¬ 
dase  enzymes.  Inhibition  of  HAS  enzyme  expression 
within  the  tumor  would  then  decrease  vascularization  by 
eliminating  production  of  this  angiogenic  stimulus  and 
thereby  suppress  tumor  growth.  HA  oligos  may  also  fa¬ 
cilitate  motility  and  inappropriate  proliferation  in  autocrine 
manner  by  signal  transduction  through  tumor  cell  HA 
receptors  such  as  CD44  and  RHAMM.46 
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bone  marrow,  possibly  by  locally  enhancing  autocrine 
response  to  interleukin-6.33  Specific  relevance  of  HA  bio¬ 
synthetic  enzymes  to  tumor  growth  has  been  demon¬ 
strated  by  HAS2  and  HAS3  overexpression,  both  of 
which  were  shown  to  promote  anchorage-independent 
growth,22*34  and  to  enhance  subcutaneous  tumorigenic- 
ity  in  nude  mice  22*23  In  some  cases,  HA  involvement  in 
tumorigenic  behavior  has  been  accompanied  by  altered 
motility  and  metastasis.20,35-37  In  the  case  of  PC3M-LN4 
subcutaneous  tumors,  there  was  no  evidence  of  invasive¬ 
ness  or  spontaneous  metastasis  either  in  control  or  in 
antisense  HAS-inhibited  tumors,  suggesting  altered  mo¬ 
tility  is  not  a  significant  component  of  the  tumorigenic 
mechanism  of  up-regulated  HAS.  It  is  more  likely,  there¬ 
fore,  that  the  observed  differences  in  growth  properties 
and  tumor  angiogenesis  of  the  HAS  antisense  cells  are 
modulating  development  of  the  tumors.  As  a  corollary, 
metastasis  of  these  cells  in  other  models  (ie,  prostate 
orthotopic  and  intracardial  injection24)  may  be  promoted 
by  the  influence  of  HA  in  growth  and  vascularization  at 
the  remote  site. 

Interestingly,  expression  of  antisense  mRNA  for  HAS2 
and  HAS3  individually  and  in  concert  impacted  tumor 
growth  to  the  same  extent.  The  most  straightforward  ex¬ 
planation  for  this  phenomenon  is  that  there  is  a  requisite 
threshold  of  HA  production  that  must  be  achieved  or 
exceeded  to  effect  control  of  growth  or  angiogenesis.  In 
support  of  this,  synthesis  and  secretion  of  HA  were  re¬ 
duced  differentially  in  all  three  HAS  antisense  transfec- 
tant  cell  lines,  but  cell  surface  HA  was  virtually  unmea¬ 
surable  by  particle  exclusion  assay  in  any  of  the  three 
lines.26  Another  possible  explanation  is  a  general  disrup¬ 
tion  by  antisense  expression  in  the  PC3M-LN4  cells, 
However,  restored  growth  of  tumors  on  augmentation  of 
HA  in  the  injection  medium  suggests  this  is  not  the  case. 
It  is  also  possible  that  there  is  nonspecific  inhibition  of 
both  HAS2  and  HAS3  by  each  respective  antisense.  The 
region  selected  for  expression  in  antisense  orientation, 
however,  is  the  first  300  nucleotides  of  coding  sequence, 
where  the  greatest  differences  in  sequence  alignment 
are  manifest.  Furthermore,  reverse  transcriptase-poly¬ 
merase  chain  reaction  amplification  of  HAS2  and  HAS3 
from  the  antisense-inhibited  cells  demonstrated  specific¬ 
ity  of  message  destabilization  and  quantification  of  HA 
synthesis  indicated  incomplete  inhibition  in  the  single 
antisense  HAS  cells.  Collectively,  these  data  support  a 
threshold  of  HA  synthesis  that  probably  correlates  to  HA 
surface  retention. 

Several  possible  additional  effects,  which  may  be 
overlaid  on  this  model,  cannot  be  ruled  out.  First,  there 
may  be  differential  temporal  regulation  of  the  HAS 
isozymes  necessary  for  cell  division,  which  would  be 
precluded  by  antisense  expression.  HAS2,  for  example, 
seems  to  be  the  most  highly  regulated  isozyme,  because 
gene  regulation  studies  report  no  significant  changes  in 
the  levels  of  HAS1  or  HAS3  transcripts  to  various  stimuli 
that  impact  HAS2.6,38,39  In  addition,  although  cells  in 
culture  and  21-day  tumor  sections  failed  to  exhibit  differ¬ 
ences  in  apoptosis,  absence  of  the  requisite  threshold  on 
injection  into  the  animals  may  initiate  immediate  cell 
death.  This  would  diminish  the  original  number  of  cells 


available  to  develop  into  a  tumor,  but  would  be  undetec¬ 
ted  in  our  assay.  HAS  antisense-expressing  cells  could 
exhibit  delayed  initial  growth  rate,  possibly  as  a  result  of 
reduced  ability  to  stimulate  angiogenesis,  that  would  ul¬ 
timately  approach  the  rate  of  control  cell  growth.  Prelim¬ 
inary  experiments  to  determine  the  sacrifice  endpoint  for 
subcutaneous  injection,  in  which  the  size  of  HAS  anti- 
sense  tumors  no  longer  increased  after  21  days  (data  not 
shown),  argue  against  equivalent  but  delayed  growth. 
Finally,  the  stably  selected  cells  are  a  heterogeneous 
population  that  may  still  include  a  small  percentage  of 
HA-overproducing  cells  capable  of  growth.  Abundance 
of  cell  surface  HA  has  been  hypothesized  to  envelope  the 
cell  in  a  semiorganized  matrix  that  protects  human  glio¬ 
mas40  and  also  virulent  strains  of  Streptococcus  pyogenes 
bacteria41  from  cytotoxic  killing  mediated  by  natural  killer 
cells  in  the  bloodstream.  SCID  mice  lack  T  and  B  cells, 
but  retain  natural  killer  cell  activity,  so  antisense  inhibition 
of  surface  HA  may  render  PC3M-LN4  cells  more  suscep¬ 
tible  to  the  vestiges  of  immune  function  in  the  animals. 
However,  if  this  were  the  only  mechanism  of  suppressed 
growth,  the  resultant  tumors  would  be  expected  to  be 
HA-rich  and  GFP-negative,  suggesting  this  explanation 
also  is  incomplete. 

Blood  vessel  densities  of  each  antisense  HAS  permu¬ 
tation  were  decreased  to  a  similar  extent  relative  to  con¬ 
trols,  reflecting  the  effect  observed  in  tumor  growth  kinet¬ 
ics.  Because  intrinsic  differences  in  proliferation  and 
apoptosis,  both  in  cell  cultures  and  in  tumor  sections,  do 
not  fully  explain  tumor  size  differential,  it  is  likely  that  the 
postulated  requisite  tumor  cell  HA  synthesis  threshold 
directly  impacts  the  ability  of  the  cells  to  vascularize  a 
developing  tumor.  Vessel  density  within  the  tumor  was 
altered  on  a  per-cell  basis,  not  merely  by  a  linear  de¬ 
crease  with  tumor  size,  suggesting  direct  impact  of  some 
factor  produced  by  the  tumor  cell  on  endothelial  recruit¬ 
ment.  HAS3  overexpression  has  been  correlated  with 
increased  blood  vessel  density  in  subcutaneous  tu¬ 
mors 23  but  this  is  the  first  report  of  impaired  HA  produc¬ 
tion  leading  to  decreased  vascularization  of  a  tumor.  The 
role  of  HA,  particularly  of  its  oligosaccharides,  in  angio¬ 
genesis  is  well  documented.  Application  of  HA  oligosac¬ 
charides  has  been  shown  to  locally  increase  blood  vessel 
density  of  rat  skin.30  HA  oligo  fractions  extracted  from  rat 
ovaries  were  used  to  demonstrate  the  essential  role  of  HA 
in  ovarian  neovascularization.29  HA  oligosaccharide 
products  formed  by  hyaluronidase  degradation  of  high- 
molecular  weight  HA  was  shown  to  stimulate  blood  ves¬ 
sel  formation  in  a  chick  chorioallantoic  membrane  assay 
for  angiogenesis.42  Subsequently,  the  same  group 
showed  HA  oligos  specifically  mediated  endothelial  cell 
proliferation  and  recruitment,  while  high-molecular  weight 
HA  was  actually  anti-proliferative,28  suggested  elevated 
HA  in  tumors  appeared  to  correlate  with  angiogenesis  43 
and  that  molecular  weight  differences  in  HA  were  medi¬ 
ated  by  cells  within  the  tumor.44  Tumor  cells  may  there¬ 
fore  benefit  from  the  presence  of  HA  polymer  either  by 
stimulating  or  exploiting  existing  hyaluronidase  activity 
within  the  tissue  they  are  invading,  or  by  expressing  it 
themselves.  In  fact,  overexpression  of  hyaluronidase  in 
gliomas  has  been  correlated  to  angiogenesis  45  and  im- 
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